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Stormwater management has historically remained in the technocratic realm of engi-

neers and scientists disconnecting society from stormwater to protect public and environ-

mental health. Despite incremental improvements, state and local governments are begin-

ning to change their management practices and techniques in response to climatic changes,

increased urbanization, and intensifying regulatory pressures. Scholars and practitioners

have argued that this paradigm shift in stormwater management is required to continue

to protect public and environmental health and reach regulatory goals. Despite the need

for this paradigm shift, there continues to be slow progress towards decentralization. This

shift is characterized by two key developments: the increased implementation of decentral-

ized green infrastructure and increased involvement of individuals in managing stormwater.

Broadly, this dissertation sets out to investigate two key aspects of this paradigm shift: (1)

the hydrologic performance of these decentralized practices and (2) the social, political,

cultural, and economic dynamics that are currently underpinning this paradigm shift.

This dissertation begins with a chapter investigating the hydrologic performance of

decentralized, green infrastructure treatment trains in Clarksburg, MD. Using stormwater



monitoring methodology, we analyze how effectively treatment trains can hydrologically

manage stormwater and the effects of precipitation dynamics on the ability of these treat-

ment trains to manage stormwater. This research suggests that these treatment trains are

generally highly effective at managing stormwater volumes across a host of storm events

with an average of 93% of discharge abated throughout the monitoring period. We also

demonstrate that precipitation intensity was the most influential precipitation dynamic on

the performance of each treatment train suggesting that designing these treatment trains

with the potential higher prevalence of higher intensity storm events due to climate change.

To begin the social science portions of the dissertation research, we utilize an alternative

framework, the hydrosocial cycle, to analyze how stormwater and society have and con-

tinue to shape each other over time. Building upon this work, we investigate the political,

social, and cultural dynamics influencing and arising within this paradigm shift occurring

within stormwater management. Through semi-structured interviews and Q-methodology

within two urban watersheds in Maryland and Washington DC, we assess changes in the

hydrosocial relationships between stakeholders and stormwater. Using these insights, we

discuss the potential for alignment and cooperation among these diverging hydrosocial rela-

tionships and continuing the shift towards decentralizing stormwater management. Arising

from this holistic and critical analysis, we seek to provide actionable recommendations fo-

cused on how, where, and who manages stormwater to reach more sustainable, resilient,

and equitable outcomes. Additionally, we aim to demonstrate the effectiveness of these

frameworks and methodologies to better attend to political and power dynamics involved

in water governance and management, more broadly.
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Dedication

I would like to dedicate this dissertation to water. There is no other substance in this

world that can conjure such a range of emotions. Water has this incredible power and

dynamism - constantly adapting, transforming, and weaving itself into our lives. In an

instant, water can turn from being beautiful and awe-inspiring to fearsome and deadly. This

multiplicity of water drives and fuels the curiosity, attraction, and overall connection we

have with water. Throughout my life and career, I hope to foster and explore my personal

and our societal connection with water.

“I am haunted by waters”
Norman Maclean - A River Runs Through It
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Chapter 1: Review of Stormwater Management in the United States

1.1 Introduction

Throughout the United States, the ever-increasing urbanization over the past century has

continued to create the need for effective and efficient stormwater management. Urbaniza-

tion has three primary consequences that disrupts the natural hydrology of a landscape:

the increase in impervious surfaces (buildings, roads, parking lots, etc.), the removal of

vegetation, and the removal and/or compaction of topsoil across the landscape [1–4]. In

combination, these three factors produce an environment where stormwater, or water that

runs off the landscape during a precipitation event, can be hazardous to both public and

environmental health. In urban areas, natural processes like infiltration, evapotranspiration,

and interception of precipitation are reduced, producing a significantly larger proportion

of stormwater remaining on the surface of the landscape during storm events [5]. As a

result, urbanized areas are frequently exposed to larger volumes of stormwater resulting in

higher incidences of flooding and increased degradation of local and downstream water-

ways [6–8]. Stormwater management has coincided and evolved over the past century with

the overarching goal of reducing the adverse hydrological effects of urbanization across the

landscape. This chapter and introduction to this dissertation will provide the needed histor-

ical and current context for the approaches to stormwater management in the United States.

I will conclude this chapter by highlighting the theoretical approaches utilized throughout

this dissertation research and overall objectives this work sets out to address.

1



1.2 Historical Approaches to Stormwater Management in the United States

Stormwater management in the United States has been a stepwise process over the past

century, growing and adapting to address important and new concerns as scientists, policy-

makers, and citizens alike begin to better understand the consequences and interactions be-

tween urbanization and stormwater. Initially, stormwater management was primarily con-

cerned with protecting the public health of urban populations from potential flooding and

water-borne diseases associated with sewage and stormwater [4, 9]. This style of stormwa-

ter management continued until the passing of the Clean Water Act in 1972 which created

a legal requirement to manage stormwater to also protect environmental health [10]. Both

management paradigms greatly improved how stormwater was managed in urban areas, but

continue to leave room for improvement prompting the shift towards a new paradigm that

is currently underway [2, 5, 11].

To discuss the historical approaches to stormwater management, I will utilize the Water

Sensitive City framework [9, 10, 12]. The purpose of the Water Sensitive City framework

(Figure 1.1) is to demonstrate the historical perspectives of urban water management sys-

tems, including stormwater management. We will use a simplified version of the Water

Sensitive City framework to situate the various paradigms of stormwater management and

how they have built upon one another over time.

1.2.1 Stormwater Management under “Drained Cities”

In the United States, prior to the passing of the Clean Water Act, urban stormwater

management was primarily concerned with draining or conveying stormwater off the land-

scape as quickly as possible. The management paradigm, called “Drained Cities” under the

Water Sensitive City framework, was focused on protecting urban populations from poten-

tial flooding associated with stormwater and, as a result, viewed stormwater as a “hazard”

2



Figure 1.1: A conceptual diagram of the urban stormwwater management transitions and phases
towards the Water Sensitive City. Adapted from [9].

to public health [10, 13]. The infrastructure that was built under this style of management

was primarily complex systems of underground pipes that transported stormwater to larger,

downstream bodies of water and even placed small, urban streams entirely underground. In

addition, surface streams were concrete-lined, straightened, and constrained within retain-

ing walls to ensure that flows during storm events were transported downstream rapidly,

decreasing the propensity for flooding within urban areas [4, 14].

These complex networks of underground stormwater pipes are/were either combined

with wastewater pipes or separated. Combined wastewater and stormwater pipe systems al-

low stormwater to be treated at wastewater treatment plants prior to release into surrounding

waterways; however, during larger storm events, these systems can be overwhelmed caus-

ing untreated combined wastewater and stormwater to be released to neighboring streams

(called combined sewer overflows) [15]. Separated storm and wastewater systems do not

have the ability to cause combined sewer overflows but until the passing of the Clean Wa-
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ter Act did not require the treatment of stormwater prior to release [4]. As a result, in

cities with separated systems, stormwater was transported directly into larger, downstream

bodies of water untreated. Stormwater management under “Drained Cities” was primarily

technocratic, using built infrastructure to protect cities from the adverse effects of urban-

ization, rather than attempting to re-implement or reintroduce the hydrological aspects of

the natural environment that was lost.

Stormwater management under “Drained Cities” greatly decreased the occurrence of

water-borne diseases associated with wastewater and stormwater and protected urban ar-

eas from flooding, more generally [4]. Also, these complex, built infrastructure networks

allowed cities to grow and become more extensive as waterways and wetlands could be

drained and placed underground with decreased concerns of flooding [13]. Despite these

improvements, the techniques and infrastructure introduced within the “Drained Cities”

paradigm caused a host of new concerns primarily focused on the environmental health im-

pacts of stormwater. These concerns grew throughout the 1950s and 1960s and led to the

passing of the Clean Water Act and subsequent shift in stormwater management paradigm.

1.2.2 Stormwater Management under “Waterway Cities”

The style of management under the “Drained Cities” paradigm, while protecting public

health in urban areas, impacted the environmental health of urban waterways and down-

stream receiving bodies of water. As stormwater flows were quickly transported down-

stream, pollutants from the urbanized landscape (organics, metals, sediment) were also

transported, causing stormwater to become a large non-source point pollutants to wa-

terways across the United States [4, 7]. In addition, the hydrologic changes associated

with urbanization and subsequent infrastructure built to manage stormwater, created a phe-

nomenon called the “urban stream syndrome” [7, 8, 16]. The urban stream syndrome is

4



characterized by urban waterways that tend to experience increased volumes of stormwa-

ter, higher peak flows, increased “flashiness” (or time between precipitation and increase in

streamflow), and increased export of pollutants downstream [8, 17]. These issues surround-

ing the effect of stormwater on water quality and environmental health, prompted increased

concerns by scientists, policymakers, and citizens towards protecting waterways across the

United States from both point and non-point source pollutants, including stormwater.

The passing of the Clean Water Act in 1972 marked the beginning of the transition in

stormwater management towards “Waterway Cities”. These new regulations, outlined by

the Clean Water Act and subsequent amendments (301 and 402), introduced the National

Pollutant Discharge Elimination System (NPDES) program. The NPDES programs issue

Municipal Separate Storm Sewer System (MS4) permits at the county-level determining

the amount of pollution that each county can export into surrounding waterways. These

regulations place a legal requirement on state and local governments to manage stormwa-

ter quantity and quality prior to release into larger bodies of water. Following the legal

and regulatory requirements stormwater began to be seen as a “pollutant”, in addition, to

a “hazard” [4]. This marks a significant transition in how stormwater must be managed,

to meet these stricter regulatory requirements. As a result, under the “Waterway Cities”

paradigm, stormwater management is concerned with not only protecting public health,

but also protecting and conserving the environment. The approach and infrastructure uti-

lized in managing stormwater began to be updated as transporting stormwater directly into

channelized streams or underground was no longer viable options for management.

“Waterway Cities” sought to improve the management of stormwater through two key

infrastructural techniques: constructing large-scale detention basins and underground stor-

age tanks and building/updating wastewater treatment plants to treat stormwater [2, 4, 5].

In highly urbanized cities, constructing above-ground detention basins is prohibitive due

to space constraints, so many cities built underground storage tanks and chambers to tem-

5



porarily detain and store stormwater during storm events that can be later transported to

water treatment plants [4, 18]. In cities with combined stormwater and wastewater sys-

tems, these storage tanks cause lower frequencies of combined sewer overflows as water

treatment plants are able to treat storm flows over a longer period of time [13]. Addition-

ally, in cities with separated sewer systems, the networks of stormwater pipes were updated

to transport stormwater to water treatment plants prior to release [18]. In conjunction, in

more suburban areas with newer development, large-scale detention ponds were built to

collect and detain stormwater from surrounding impervious surfaces. These centralized

detention basins were designed to primarily increase time between precipitation and storm

flows in surrounding waterways, but also promote infiltration of stormwater and lower the

volume of storm flows, more generally [19, 20].

The infrastructural systems implemented during both “Drained Cities” and “Water-

way Cities” were primarily “grey infrastructure”. Grey infrastructure can be defined as

stormwater management practices that are designed to transport, retain, and treat stormwa-

ter through a complex network of pipes, storage tanks, and treatment facilities (Figure 1.2)

[4, 13, 14, 21]. Additionally, “Waterways Cities” marked the beginning of the use of more

“green infrastructure” to manage and treat stormwater. Green infrastructure can be charac-

terized as small-scale, infrastructural practices that mimic natural ecosystem services and

natural processes like infiltration and evapotranspiration (Figure 1.3) [21–26]. Centralized,

grey infrastructure was implemented far more frequently than decentralized, green infras-

tructure due to the ability to reliable quantify and model the ability of these practices to

manage and treat stormwater for both quantity and quality – needed requirements for MS4

permitting. In combination, these infrastructural and management changes have allowed

state and local governments to more effectively meet requirements outlined by the MS4

permits.

Many cities and municipalities across the United States can still be characterized as
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“Waterways Cities” concerning stormwater management with high variability, temporally

and spatially in how and where stormwater is managed [2, 10, 27, 28]. Despite improve-

ments in water quality across the United States, especially concerning stormwater, there

continues to be issues surrounding the inability of state and local governments to protect

public and environmental health from stormwater-related issues [2, 11, 26, 28].

Figure 1.2: Examples of traditional grey infrastructure utilized for stormwater management in cities
across the United States. These infrastructural systems were the primary techniques used throughout
the “Drained Cities” and “Waterway Cities” paradigms [21].

Figure 1.3: Examples of green infrastructure utilized for stormwater management in cities across the
United States. These infrastructural systems are beginning to be implemented during the “Waterway
Cities” paradigms [21].

7



1.3 Need for “Water Sensitive Cities” - Decentralizing Stormwater

Management

Over the past decade across the United States, there has been a push towards tran-

sitioning stormwater management to a new, more decentralized paradigm [1, 2, 11, 28].

This need for a paradigm shift has been driven by scientists, policymakers, and citizens

as the ability of primarily centralized, grey infrastructural systems to continue to manage

stormwater effectively to protect public and environmental health becomes increasingly

questioned [1, 2, 12]. These networks of underground storage tanks and stormwater pipes

were built decades previously and due to increasing urbanization (higher percentage of

impervious surfaces) and increasing precipitation variability due to climate change (more

frequent, longer duration, higher intensity storm events), they are more frequently being

overwhelmed [3, 4, 9, 14, 29, 30]. Cities across the United States are more frequently expe-

riencing these infrastructural failures and, as a result, stormwater as a public health hazard

and as an environment pollutant has returned to forefront of concerns [14, 16, 28, 31, 32].

Scholars have suggested that transitions towards a more “Water Sensitive Cities” paradigm

will promote more effective stormwater management, even in the face of increasing ur-

banization and climatic pressures [10]. The “Water Sensitive City” “prioritizes livability,

sustainability, and resilience in the design of its institutions and infrastructure” [33]. For

stormwater management under the “Water Sensitive Cities”, stormwater would be viewed

more as a “resource” than a “hazard” or “pollutant” and more be more adaptable to varia-

tions and less reliant on centralized, grey infrastructural systems [11, 28]. To prompt this

transition, state and local governments began to implement and enforce stricter stormwater

regulations [4]. Some of these regulations were forced upon state and local governments

through consent decrees from the federal government which allow state and local govern-
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ment to avoid paying costly fines associated with violating the NPDES program under the

legally binding agreement that they will update existing infrastructure or implement new

infrastructure to better manage stormwater for both quantity and quality [4, 34].An exam-

ple of these new regulations are Total Maximum Daily Loads (TMDLs) which set the daily

load limit of specific pollutants, typically nitrogen, phosphorus, and sediment, allowed to

be exported into water bodies of any given watershed [35–37]. Other, new regulations re-

quire all stormwater to be treated on-site in areas of new development, typically through

both grey and green infrastructure practices [36, 38].

To meet these stricter regulations and facilitate improvement in the public and envi-

ronmental health outcomes associated with stormwater, state and local governments are

beginning a new paradigm towards managing stormwater. Scientists, engineers, and poli-

cymakers have quickly acknowledged that to meet these new regulations, stormwater needs

to be treated on-site through adoption of more decentralized, green infrastructural practices

across the landscape [3, 11, 31, 39–41]. In addition to enforcing new regulations and con-

structing additional green infrastructure across urban areas, state and local governments are

striving to involve individuals and communities in stormwater management. The involve-

ment of individual citizens in stormwater management has been highlighted by policymak-

ers and scholars as necessary due to the high percentage of privately-owned land across

the landscape that state and local governments have no authority to build stormwater man-

agement infrastructure on but are still required to manage the stormwater emanating from

these private lands [14, 26, 42].

Governments have begun programs and policies to promote the involvement of citi-

zens in the management of stormwater, especially from privately-owned property [2, 11].

In particular, state and local governments are using educational outreach programs and

a stormwater utility fee and rebate system to spark the involvement of private property

owners into managing stormwater on their properties [36, 43, 44]. These programs and
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policies work, in tandem, to educate individuals about stormwater management, but also

the ways in which they can manage stormwater on their property. In many municipalities

across the United States, outreach programs were implemented to educate homeowners

about stormwater and provide technical assistance on constructing landscape designs on

their property to reduce stormwater runoff [37, 45].

The stormwater utility fee and rebate systems provide financial incentives for private

property owners to manage stormwater on their own property, reducing the stormwater vol-

umes that state and local governments are required to cope with. Typically, the stormwater

utility fee is a charge added to a water bill that is calculated by the size and percent of im-

pervious surfaces on a given property [36, 38]. To receive a rebate against this fee, property

owners can implement stormwater best management practices on their properties. Using

these approaches, state and local governments are hoping to push for an overall decen-

tralization of stormwater management infrastructure across the landscape and diffuse the

responsibility for managing stormwater onto individuals and communities.

1.4 Impediments and Barriers towards Decentralized Approach

Despite acknowledgement that this shift towards a “Water Sensitive Cities” paradigm

in stormwater management is necessary, there has been slow, ineffective progress towards

decentralizing stormwater management [2, 9–12, 14]. There are a host of impediments and

barriers that various researchers have highlighted as significantly obstructing progress to-

wards this decentralized paradigm including: a pro-grey infrastructure mindset, the “private

vs. public” dilemma, and overall disconnect between stormwater and society [5, 9, 14].
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1.4.1 Pro-Grey Mindset

Throughout the “Drained Cities” and “Waterway Cities” paradigm, grey infrastructure

was the predominant type of infrastructure utilized to manage stormwater in urban areas

due to the legal framing of stormwater management. The legal and regulatory require-

ments outline by the CWA, MS4 permits, and additional TMDLs are produced through

complex modeling to determine quantitative numerical limits for counties, municipalities,

and watersheds for pollutants associated with stormwater, like nitrogen, phosphorus, and

total suspended sediments [4, 46]. To meet these ever-present quantitative regulatory limits,

state and local governments must utilize infrastructural practices that can provide reliable,

quantifiable, and modelable results. As a result, grey infrastructural practices, like storage

tanks, large-scale detention ponds, water treatment plants, and complex networks of pipes,

are typically employed [4, 9]. These grey infrastructural practices also allow scientists and

engineers to maintain power and authority over where and how stormwater is managed as

these large-scale projects require extensive knowledge of urban planning, hydrology, and

engineering [4, 47].

Compounding this reliance on grey infrastructure is skepticism and insufficient knowl-

edge on the effectiveness of more decentralized, green infrastructure which is still being

extensively researched [3, 30, 48]. Many studies have shown that green infrastructure

can effectively manage stormwater for both quantity and quality concerns; however, these

practices are substantially more difficult to model - inhibiting their large-scale adoption

and incorporation across the landscape due to continued and increasing regulatory require-

ments. In addition, green infrastructure brings additional challenges associated with main-

tenance, space needed for installation, and variability in performance due to ecological

conditions [21–26]. Despite increasing research on green infrastructure, the perception

around the ability and reliability of these styles of infrastructure are actively contested. In
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total, throughout past paradigms and currently within stormwater management, grey in-

frastructure remains preferred and a transition towards implementing more decentralized,

green infrastructure is difficult [5, 11, 14].

1.4.2 “Private vs. Public” Dilemma

Arising from the CWA and subsequent stormwater regulations, a prominent regulatory

hurdle and issue was created called the “private vs. public dilemma” [14, 26, 42]. This

dilemma is produced as state and local governments are required to manage stormwater

emanating from all lands, public or private, but only have the authority to construct and

implement best management practices on publicly owned land. Newer regulations do re-

quire the construction of best management practices on privately owned land during new

development; however, previously developed areas are protected from these new require-

ments [36, 46]. State and local governments are increasingly seeking to overcome this

dilemma due to the small portion of publicly owned land available to governments for new

stormwater management infrastructure. For example, in Maryland, only 7.6% of the land is

publicly owned, while 92.4% is private and, on average across the United States, 39.8% of

land is publicly owned, while 60.2% is privately-owned (US Bureau of the Census, Statis-

tical Abstract of the United States: 2021). Exacerbating this issue, private lands are broken

up into countless parcels with multitude of owners producing an even more difficult setting

to overcome this dilemma [5, 14]. Collectively, the “private vs. public” dilemma creates a

regulatory atmosphere were implementing more decentralized, green infrastructure across

the landscape is difficult because state and local governments have little to no legal author-

ity to do so [5, 13, 14]. As a result, the transition towards more decentralized stormwater

management is obscured as decades of centralized, top-down management and the legal

construction of the “private vs. public” dilemma prevent the large-scale adoption of these
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approaches [9, 10, 12, 13].

1.4.3 Disconnect with Stormwater

To overcome the “private vs. public” dilemma and shift towards “Water Sensitive

Cities”, government officials, policymakers, engineers, and researchers have highlighted

that the involvement of individuals and communities with stormwater management is nec-

essary. This represents a momentous undertaking as, across the landscape, private property

is divided into countless parcels with innumerable owners, all with varying perspectives

and motivations towards stormwater and stormwater management [5, 28, 49, 50]. In addi-

tion, due to decades of centralized, technocratic management, the majority of individuals

are unaware of issues surrounding stormwater and the current processes, techniques, and

infrastructure utilized to manage stormwater [11, 14, 26]. This disconnect between individ-

ual citizens and stormwater was a purposeful separation to protect public health pre-CWA

– typified by the immediate conveyance of stormwater underground and downstream away

from communities using grey infrastructure. While this disconnect was designed for and

implemented within the “Drained” and “Waterway Cities” paradigms, a transition towards

the “Water Sensitive Cities” paradigm will require re-establishing a connection between

individuals and stormwater - promoting their participation in management.

Various studies have demonstrated that the ongoing process of educating individuals

about stormwater management and, especially the implementation of decentralized, green

infrastructure on private property to manage stormwater, has been relatively ineffective,

despite concerted efforts by state and local governments [13, 43, 44, 51–53]. It is clear;

however, that a transition towards decentralized stormwater management and a more “Wa-

ter Sensitive Cities” approach is significantly reliant on the contribution of individuals and

communities, especially from privately owned lands [11, 12]. The current disconnect be-
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tween individuals and stormwater is an impediment that is currently limiting progress to-

wards a “Water Sensitive Cities” paradigm for stormwater management.

1.5 Dissertation Objectives and Approach

Broadly, this dissertation seeks to research and explore these present obstacles inhibit-

ing progress towards a more decentralized approach to managing stormwater. This dis-

sertation begins an understanding focused on the complex social, political, ecological, eco-

nomic, and cultural dynamics influencing and underpinning the current paradigm transition

in stormwater management.

1.5.1 Research Questions and Chapter Outline

Three primary research questions arise through this historical analysis of stormwater

management and the current transition towards a decentralized, “Water Sensitive Cities”

approach. In this dissertation, I investigate these research questions and promote needed

progress within this paradigm shift.

How effective can decentralized, green infrastructure be to manage stormwater?

– A pro-grey infrastructure mindset remains intact which substantially limits the large-

scale implementation and funding for more green infrastructural practices. To push for

more green infrastructure implementation, these practices must be proven effective at mul-

tiple scales. In part, this dissertation seeks to investigate the effectiveness of decentralized,

green infrastructure through hydrologic monitoring in Clarksburg, MD. In Chapter 2, en-

titled; “Investigating the Hydrologic Performance of Decentralized Stormwater Best Man-

agement Practices at the Treatment Train Scale,” specifically researches the hydrologic

effectiveness of green infrastructure treatment trains (chain of practices piped together to

provide subsequent management of stormwater). These practices have been researched at
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the larger (watershed) and smaller scale (individual practice) scale, but little research has

been conducted at the subwatershed-scale. These subwatershed-scale treatment trains are

increasingly being built in newer development areas and provide an insight into how effec-

tive a largely decentralized approach can be. Through the research within this chapter, I

will add to the literature and research on the effectiveness of decentralized, green infras-

tructure with the goal of promoting a more pro-green mindset, overcoming and eroding the

current pro-grey mindset that is obscuring the current paradigm transition.

How are individuals and communities becoming involved with stormwater man-

agement? – The disconnect between individuals and stormwater is greatly constraining the

push towards decentralization, especially due to the need for management of stormwater

emanating from privately owned lands. In part, this dissertation investigates the politi-

cal, social, and economic dynamics that are influencing and driving the involvement of

individuals, with added emphasis on the power dynamics involved. This chapter entitled;

“Shifting Paradigms in Stormwater Management – Hydrosocial Relations and Stormwa-

ter Hydrocitizenship,” uses semi-structured interviews amongst stormwater professionals

and residents in two urban watersheds to explore how individuals are becoming involved

within stormwater management. From this research, a more critical analysis of the ongo-

ing recruitment of individuals to manage stormwater is undertaken. Using insights gained

from this work, I highlight how the current processes and techniques are unsuccessful in

reconnecting individuals with stormwater and provide recommendations and suggestions

on how to progress forward.

What relationships between stakeholders and stormwater are being produced within

the shift towards a more decentralized approach? – The obstacles and impediments

previously emphasized arise from complex interactions between stakeholders, policies, in-

frastructures, and stormwater. To progress past these barriers, an assessment of the vari-

ous relationships between stakeholder and stormwater within this transition is needed. In
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the chapter entitled; “Diffusing Responsibility, Decentralizing Infrastructure: Hydrosocial

Relationships within the Shifting Stormwater Management Paradigm,” semi-structured in-

terviews and Q-methodology are used to examine the current hydrosocial relationships

between stakeholder and stormwater. Using this research, I convey how both converging

perspectives demonstrate the need for decentralization, but divergent ideas remain on how

to effectively and equitable achieve this goal. Through these insights, this chapter con-

cludes by indicating the potential for alignment and cooperation among stakeholders and

continuing the shift towards decentralized stormwater management.

Finally, I conclude by synthesizing the results from this dissertation to produce a guide

towards advancing decentralized stormwater management. In addition, throughout this

concluding chapter, I aim to demonstrate the need and pathways towards more critical re-

search, like the research conducted within this dissertation, within water management and

governance. With this conclusion, I hope to convey how effective and important interdisci-

plinary, holistic research can be, especially focusing on water.

1.5.2 Dissertation Approach

The research throughout this dissertation is interdisciplinary using both quantitative and

qualitative methodologies ranging in disciplines including hydrology, ecology, anthropol-

ogy, critical geography, and science and technology studies. This dissertation relies heavily

on the hydrosocial cycle theoretical framework and approach to provide a critical and holis-

tic perspective on the paradigm shift currently underway within stormwater management.

The hydrosocial cycle arises from the disciplines of anthropology, critical geography,

and political ecology as a framework to understand water-society relationships, particularly

the roles of power and technology. In contrast with the hydrologic cycle, which tends to

disconnect humans from the flow of water across Earth’s landscape, the hydrosocial cycle
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recognizes that water and society are closely and inextricably linked [54–57]. Under the

hydrosocial framework, water is socionatural or a hybrid resulting from the internal rela-

tionship between society and water [54, 55]. Through internal relation, water and society

are not distinct entities, but one, continuously changing function and relationship.

In practice, under the hydrosocial framework, water has both a physical and social

meaning which is constantly shaped by sociocultural, political, and physical processes

[58, 59]. These socionatural processes create distinct kinds of “waters” which need to

be analyzed through the relations constituting these “waters” rather than as the relations

between water and society [57]. Hydrosocial research attempts to investigate these inter-

nal relationships that give rise to distinct “waters” as socionatural entities with the goal

of understanding how the “waters” manifest themselves over space and time. The primary

goal of hydrosocial research is to understand how these “waters” are historically, culturally,

socially, and politically produced and the resulting effect this has on the relationships with

water and water management. A more in-depth discussion of the hydrosocial cycle and the

application of this theoretical framework to analyze stormwater governance and manage-

ment is covered in the dissertation chapter entitled; “Rethinking Stormwater: An Analysis

using the Hydrosocial Cycle.”
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Chapter 2: Investigating the Hydrologic Performance of Decentralized

Stormwater Best Management Practices at the Treatment Train

Scale

2.1 Introduction

Stormwater management in the United States in currently undergoing a paradigm shift

away from centralized infrastructure towards more decentralized management practices

across the landscape [14, 16, 28, 31, 32]. These changes have been in response to growing

concerns regarding maintaining public and environmental health in the face of increasing

urbanization and increased climatic variation [5, 12, 60]. Accompanying and driving these

infrastructural changes have been enhanced stormwater regulations, building on the Clean

Water Act and National Pollution Elimination Discharge System, that seek to promote

management of stormwater on-site, rather than primarily with centralized infrastructure

[2, 4, 14]. An example of these new regulations are Total Maximum Daily Loads (TMDLs)

which sets the daily load limit of specific pollutants, typically nitrogen, phosphorus, and

sediment, allowed to be exported into water bodies of any given watershed [35, 36, 46].

Previously developed areas are not typically subjected to these new, stricter regulations and

continue to rely on centralized, gray infrastructure to manage stormwater [3, 48, 61]. These

stricter regulations require the management of stormwater on-site at new development,

increasing the use of more decentralized, green infrastructure across the landscape.
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Decentralized, green infrastructure is characterized by small-scale practices that mimic

natural processes like infiltration and evapotranspiration usually lost or reduced due to

urbanization [24, 50, 62–64]. By doing so, green infrastructure attempts to remedy the

symptoms of the “urban stream syndrome” through reducing peak flows, increasing infil-

tration and residence time, and increasing nutrient and pollutant retention [7, 8, 17]. There

are various types of green infrastructure including: bioretention rain gardens, green roofs,

pervious pavements, above and below ground swales, and constructed riparian zones. Vari-

ous studies have demonstrated that decentralized green infrastructure can better reduce the

quantity and improve the quality of stormwater when compared to more traditional best

management practices [30, 65–68]. These practices can provide stand-alone treatment or

be arranged in a treatment train with a series of practices draining into each other providing

redundant treatment [30, 69–73].

Treatment trains, or a series of green infrastructure or best management practices, that

allow for the subsequent treatment of stormwater have recently begun to be implemented,

especially in newly built urbanized areas [30, 69]. These treatment trains tend to be cost-

prohibitive as stormwater management retrofits in established urban areas; however, in

newly developed areas that can be both ecologically and economically effective and ef-

ficient [71]. Treatment trains incorporate a variety of infiltration, retention, and detention

best management practices that are connected using stormwater pipes. By providing subse-

quent treatment, these treatment trains can increase the stormwater volume reduction and

improve stormwater quality compared to centralized and single point decentralized best

management practices [69]. These treatment trains, also called stormwater control mea-

sure networks, provide redundant retention, infiltration, and treatment of stormwater that

better mimic natural flow regimes that tend to be lost due to urbanization [71]. They are

typically designed and regulated as the additive benefits of the single best management

practices incorporated into the train or network; however, this is likely not strictly accurate
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at the subwatershed and watershed-scale due to “differential time lags, SCM interaction,

inconsistent water quality mechanisms, and spatial arrangement” [48].

Many studies have demonstrated the ability of distributed, decentralized stormwater

best management practices, including treatment trains, to reduce stormwater volumes on

the watershed level [30, 62, 65–68]. Most of the studies on the hydrologic effectiveness

of stormwater control measure networks have been focused on the watershed-scale. Em-

pirical studies have shown that the incorporation of infiltration and water-harvesting, green

infrastructure-oriented best management practices, does decrease the peak discharge from

storm events at the watershed-scale [74–76]. Additionally, modeling studies have shown

similar results with a decrease in peak flow and discharge in watersheds with infiltration

and water-harvesting best management practices [77–80]. Previous studies have primarily

focused on opposite ends of the spectrum: the watershed-scale and site-scale. While these

empirical and modeling studies demonstrate the important cumulative effects (watershed-

scale) and specific best management practices stormwater volume and pollution reduction

(site-specific), the intermediate-scale has not been explored as in-depth.

The intermediate-scale (the subwatershed, treatment train, or SCM network-scale) will

allow for the investigation of variables that affect the hydrologic performance (stormwater

volume reduction, peak discharge reduction, increased lag time) that are obscured in water-

shed or site-scale studies. As stated in Jefferson et al. (2017), “it is important to consider

interacting effects of SCMs in series (e.g., treatment trains), age of practices, and effective-

ness across a range of storm sizes and antecedent conditions” [48]. Research focusing on

the stormwater hydrology at the treatment train scale allows for the analysis of variables

including precipitation dynamics, arrangement of SCMs, connectivity of SCMs, storage

volume of treatment trains, percentage of infiltration/water quality improvement best man-

agement practices, and percentage of impervious surfaces treated. All these variables are

important in the hydrologic functioning of treatment trains and SCM networks and often
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overlooked both in watershed-scale empirical and modeling studies and regulations.

Treatment trains and SCM networks are increasingly being implemented for stormwa-

ter management, especially in newly urbanized area. Despite this, there is relatively little

research into understanding the overall hydrologic performance of these treatment trains.

In addition, there has been minimal research on how precipitation dynamics affects their

hydrologic performance. To fill this knowledge gap, we aim to investigate the hydrologic

performance of decentralized treatment trains with an additional focus on investigating

how precipitation dynamics affects the performance of these treatment trains. To tackle

these research questions, we performed stormwater monitoring within three decentralized

stormwater treatment trains within a newly developed community in Clarksburg, MD. This

stormwater monitoring allows for an investigation of both the hydrologic performance and

the effects of precipitation dynamics on the overall effectiveness of these treatment trains at

monitoring stormwater. Arising from this research, we seek to promote a better understand-

ing of how these factors alter hydrologic performance of treatment trains allowing for better

designing of treatment trains and SCM networks, as well as more accurate regulations for

permitting.

2.2 Study Site and Methodology

The watershed for this field study, Tributary 104, is in Montgomery County, MD within

the Piedmont physiographic region. Tributary 104 drains to the Little Seneca Creek trib-

utary, and then to the Potomac River. Tributary 104 in Clarksburg, MD is a 1.2 km2 wa-

tershed, and was primarily farmland and forest until 2004 [65]. Between 2004 and 2010 it

was developed into a residential area with 30% impervious cover. Tributary 104 is within

the Clarksburg Special Protection Area, which requires additional natural resource protec-

tion beyond existing environmental regulations for new development, including approval
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of a water quality plan (Montgomery County Code, 2001). During development, 121 hy-

drology and water quality stormwater green infrastructure practices were installed in the

Tributary 104 watershed to meet these requirements [30]. Average annual precipitation

at the nearby Damascus 3 SSW MD US station (1980-2010) is 1177.5 mm. Average an-

nual daily maximum temperature is 17C and average annual daily minimum temperature is

6.9C at Damascus 3 SSW MD US (1980-2010). This watershed has undergone extensive

study on the impacts of urbanization on baseflow, topographic changes in the watershed

during development, and the impacts of the stormwater management on runoff quality and

quantity at the watershed scale [30, 62, 65–68].

Figure 2.1: Map of Tributary 104 Watershed with

the sub-watersheds for each terminal dry and wet

retention pond denoted.

Tributary 104 watershed includes six

stormwater BMP treatment trains (Figure

2.1). These treatment trains have substan-

tially different drainage areas, arrangement

of BMPs, storage capacities, BMP density,

and proportion water quality BMPs (Ta-

ble 2.1). For this study, three of the treat-

ment train drainage basins were chosen for

monitoring: Pond 1, Pond 2, and Pond 6

(Figures A.1,A.2,A.3). These three treat-

ment trains were chosen due to the range

in stormwater BMP infrastructure arrange-

ment, connectivity, and storage capacity.

Pond 6 has the highest degree of connec-

tivity, distributed arrangement, and highest

percentage of infiltration-based BMPs, while Pond 2 having the lowest degree of connec-

tivity, distributed arrangement, and lowest percentage of infiltration-based BMPs (Table 2.1
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and (Figures A.1,A.2,A.3). Importantly, each of these treatment trains are linked through

stormwater pipes that out flow to separate dry detention ponds, so that the outfalls of each

terminal dry detention pond release the majority of surface stormwater that has been con-

veyed within that drainage basin into Tributary 104. The architecture of these decentralized

stormwater BMP treatment trains design allows for the sampling of each treatment train

drainage basin separately, an important aspect of this study design.

Table 2.1: Subwatersheds and their respective BMP types, function, and drainage areas for Tributary
104. Each individual BMP in the subwatershed is mapped in GIS and their respective drainage area
is known and the percentage of each drainage area comprised of impervious surfaces and green
is reported (Sparkman et al. 2017). Storage capacity is the cumulative storage provided by each
BMP within each treatment train calculated from BMP size data provided from as-builts [Hopkins,
written communication, 2021]

Basin BMP Types
Drainage

Area
(ac)

Percent
Built Percent

Grass
# of

BMPs
BMP

Density

Storage
Capacity

(cf)

Pond 1

Bioretention
Dry Swale

Recharge Facility
Oil/Grit Separator

Sand Filter
Dry Pond

9.0
39 56 7 0.78 21163

Pond 2

Dry Swale
Sand Filter

Oil/Grit
Separator Filter

Dry Pond

9.8
43 55 5 0.51 20188

Pond 6

Storm Drain
Recharge Facility

Dry Swale
Oil/Grit Separator

Sand Filter
Underground
Storm Filter

Dry Pond

16.8
53 44 14 0.83 40527

Within each of these treatment trains drainage basin, stormwater monitoring was con-
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ducted at the outfall of the terminal dry detention ponds within each treatment train begin-

ning in January 2020 and ending in October of 2021. To monitor stormwater volume exiting

each treatment train, Thel-mar volumetric weirs, specifically fitted for the size of the out-

fall pipe, were installed at each terminal dry pond outfall. Behind the weir and within the

outfall pipe itself, Onset HOBOware water level pressure transducers were placed within

a protective PVC housing and mounted onto the bottom of the outfall pipe at least three

feet upstream from the weir (Figure A.4). Using these water level pressure transducers, the

water level within each outfall pipe could be continuously recorded at 5-minute intervals.

Thel-mar volumetric weirs are provided within an empirically determined and field vali-

dated rating curve that can effectively convert the water level from the logger to discharge.

As a result, when coupled with each other, the discharge from any given terminal dry de-

tention pond and entire decentralized stormwater BMP treatment train can be calculated

and monitored at 5-minute intervals.

Additionally, an Onset HOBOware pressure transducer and Onset HOBOware tipping

bucket rain gauge were installed in an open field close to the outfall of Pond 6 to monitor

barometric pressure at 5-minute intervals and rainfall, respectively (Figure A.5). The pres-

sure transducer monitoring the atmospheric pressure is required to standardize the pressure

readings from the water level pressure transducers. Using the HOBOware Pro software,

the readings from the water level pressure transducers can be standardized using the atmo-

spheric pressure readings to ensure accurate water depth measurements. The tipping bucket

rain gauge monitored rainfall within the Tributary 104 watershed. These weirs and sensors

were maintained and inspected monthly between January 2020 and October 2021. The

data from these loggers (water level, atmospheric pressure, and rainfall) was downloaded

bi-monthly. In the event of rain gauge failure during storm events, precipitation data was

downloaded from a USGS rain gauge located on Ten Mile Creek (Latitude - 39◦14’06.6”,

Longitude - 77◦17’39.9”), less than five miles from the study locations. Storm events were
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chosen for analysis when all water level pressure transducers were operational, and weirs

were mounted firmly within the outfall pipes to ensure accurate discharge measurements.

Importantly, storm events were also chosen only when precipitation was greater than 0.1

inches of rainfall.

For each storm event, several quantitative and qualitative variables were tracked to un-

derstand the overall hydrological performance including precipitation depth (in), precipi-

tation length (hrs.), precipitation intensity (in/hr.), discharge (cubic feet), normalized dis-

charge (cf/ac), discharge abated (%), lag time (hrs.), discharge duration (hrs.), antecedent

dry days (days), distributed arrangement, connectivity, and water-quality/infiltration-based

BMP percentage. Normalized discharge (cf/ac) was calculated by dividing the total dis-

charge during a storm event from a treatment train by the total drainage area within that

treatment train (drainage area in Table 2.1). Discharge abated (%) is the total amount of

rainfall that is stored, infiltrated, and evapotranspirated by each treatment during a storm

event. Duration Discharge is the total time (in hours) that a treatment train was exporting

discharge during a given storm event. Lag Time is the total time (in hours) between when

median precipitation occurred, and maximum discharge occurred.

All statistical analyses were conducted using R. The precipitation dynamics variables

(precipitation amount, precipitation intensity, and antecedent dry days) are compared to

normalized discharge and discharge abated across each treatment train and storm event us-

ing simple linear regressions. Multiple regression analysis was conducted to determine the

effect that these precipitation dynamics have on the normalized discharge and discharge

abatement for each treatment train. For these multiple linear regressions, normalized dis-

charge was log-transformed. Additionally, logistic regressions were conducted to assess

the precipitation dynamics needed to produce discharge within each a treatment train for

the seventy storm events sampled throughout the monitoring period. For these logistic

regressions, storm events that both produced and did not produce discharge were incor-
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porated into the modeled logistic regressions. For each treatment train during each storm

event a value of one was given if discharge was produced or a zero was given if there was

no discharge produced. These statistical analyses will allow for some comparison across

treatment trains on the effect that precipitation variables have on discharge during storm

events and begin to assess the overall hydrologic performance of each treatment train.

2.3 Results: Hydrologic Stormwater Monitoring

Stormwater and rainfall monitoring took place between January 2020 and October 2021

with seventy storm events successfully monitored throughout the period (all precipitation

and stormwater flow data is shown in Appendix Table B.1, Table B.2, Table B.3). A “suc-

cessful” storm event sampled required that water level loggers, weirs, and rain gauge were

all properly working to ensure accurate results for discharge and precipitation dynamics

monitoring. Throughout the sampling period, there was twenty-nine storm events that pro-

duced discharge in, at least, one of the treatment trains, and thirty-one storm events that

did not produce discharge in any of the treatment trains. For fourteen of the storm events

in which discharge occurred, Pond 2 experienced failure due to a dislodged weir. The out-

let pipe of Pond 2, where the weir and water level logger were placed, had a significantly

smaller diameter compared to the other two treatment trains. As a result, during higher

intensity storm events, the weir was placed under increased stress that often dislodged the

weir, leading to inaccurate measurement of water level and discharge. Despite efforts to

stabilize the weir after the initial discovery of this issue, the weir frequently became dis-

lodged and resulted in the inability to accurately measure discharge from Pond 2 during

fourteen of the twenty-nine storm events where discharge occurred. Summary values for

hydrologic performance of each stormwater treatment train across the 70 storm events is

shown in Table 2.2.
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Table 2.2: Summary of mean values of hydrologic performance of each stormwater treatment train
across the seventy storm events monitored between January 2020 and October 2021.

Duration
Discharge (hrs)

Lag
Time (hrs)

Discharge
(cf)

Normalized
Discharge (cf/ac)

Discharge
Abated (%)

Pond 1 2.53 1.92 1862 206.9 95.03
Pond 2 8.72 4.24 1863 190.1 93.38
Pond 6 9.46 1.59 4188 249.3 93.48

2.3.1 Analysis of Precipitation Dynamics on Discharge

Log-log scatter plots with linear regression were performed for each storm event for

normalized discharge (cf/ac) versus each precipitation dynamic variable: precipitation amount

(in), precipitation intensity (in/hr), and antecedent dry days (days). Figures A.6,A.7,A.8

portray these scatter plots and regressions demonstrating the relationship between normal-

ized discharge and the precipitation dynamics of each storm event. Generally, all treatment

trains exhibited similar and expected results for these simple regressions with normalized

discharge increasing as precipitation amount and precipitation intensity increased and de-

creasing with increasing antecedent dry days. Multiple regression was performed on nor-

malized discharge and precipitation dynamics to determine the influence and predictive

ability of precipitation dynamics on the normalized discharge from each treatment train.

The result from this multiple regression is shown in Table A.1. The multiple regression

analysis conveys that for each treatment train, precipitation amount was the most impor-

tant factor for normalized discharge; however, in general, precipitation dynamics had low

correlation to the normalized discharge from each treatment train across storm events.

2.3.2 Analysis of Precipitation Dynamics on Discharge Abatement

Scatter plots with linear regression were performed for each storm event for discharge

abatement (%) versus each precipitation dynamic variable: precipitation amount (in), pre-
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cipitation intensity (in/hr), and antecedent dry days (days). Figures A.6, A.7, A.8 convey

these scatter plots and regressions portraying the relationship between the discharge abate-

ment and precipitation dynamics for each treatment train and each storm event. In agree-

ment with the analyses on normalized discharge and precipitation dynamics, all treatment

trains experienced lower discharge abatement as precipitation and precipitation intensity

increased and slightly higher discharge abatement antecedent dry days increased. Multiple

regression was performed on discharge abatement and precipitation dynamics to determine

the influence and predictive ability of precipitation dynamics on the discharge abated from

each treatment train. The result from this multiple regression is shown in Table ??. The

multiple regression analysis conveys that for each treatment train, precipitation amount was

the most important factor for discharge abatement; however, in general, precipitation dy-

namics had low correlation to the discharge abatement from each treatment train across

storm events.

2.3.3 Logistic Regressions of Precipitation Dynamics

Logistic regressions were conducted to assess the precipitation dynamics needed to

produce discharge within each treatment train. For each precipitation variable, these logis-

tic regressions demonstrate differences across treatment trains focused on the precipitation

dynamics that will result in discharge for any given treatment train. Figures A.12, A.13,

A.14 portray these logistical regressions and convey how precipitation dynamics affect the

probability that each treatment train will generate discharge. As expected, the probability

of discharge increased in each treatment train as precipitation and precipitation intensity

increased. In general, these figures also demonstrate that Pond 6 would generate discharge

during lower precipitation and intensity events compared to other treatment trains, followed

by Pond 2, and finally Pond 1. Finally, Figure 10 demonstrates that antecedent dry days
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had little effect on whether a given treatment train would produce discharge.

2.4 Discussion: Hydrologic Performance and Effect of Precipitation

Dynamics

2.4.1 Hydrologic Performance of Treatment Trains

The hydrologic performance of each of these decentralized stormwater management

treatment trains can be conveyed through three key variables: discharge abated (%), lag

time (hrs), and duration of discharge. The primary purposes of these treatment trains are

to: decrease the total volume of stormwater runoff entering surrounding waterways during

storm events (percent of discharge abated), increase the time between rainfall and stormwa-

ter entering surrounding waterways (lag time and duration discharge). An analysis of the

total percent of discharge abated demonstrates that these treatment trains effectively evap-

otranspirate, intercept, and/or infiltrate over 93% of the total rainfall within the subwater-

shed, on average. In general, all subwatersheds had similar discharge abatement across

storm events with Pond 1 having slightly higher discharge abatement compared to Ponds

2 and 6, on average. This could be due to the lower percentage of impervious surfaces

and higher percentage of grass in the drainage area for Pond 1 compared to both Pond 2

and 6 which lowers the total amount of stormwater which must be managed by the BMPs

within the treatment train. In general, the average discharge abatement across all three

treatment trains and storm events demonstrates how effective these decentralized, green

infrastructure-based treatment trains can perform at managing stormwater volumes, espe-

cially in suburban areas.

In addition, all treatment trains substantially slowed down the flow of stormwater within

each subwatershed to neighboring Tributary 104 during each storm event. All three sub-
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watersheds experienced lag times (time between median of rainfall and peak discharge)

of nearly two hours, highlighting the ability of the BMPs within these treatment trains to

detain and store stormwater, promoting a slower release of stormwater from each subwater-

shed into Tributary 104. In general, Pond 2 had a much longer lag time, nearly double that

of Pond 1 and 6 on average. This is a particularly interesting result because Pond 2 was the

only treatment train without designated underground storage tanks and recharge chambers

designed to temporarily detain storm flows. Despite the lack of storage tanks and recharge

chambers, Pond 2 generally prolonged the time between rainfall and peak discharge por-

traying that the addition of these types of BMPs may be less important on influencing lag

time. These findings suggest that the layout, design, and connectivity of these treatment

trains is likely as important as the BMPs incorporated into the treatment train, itself; how-

ever, the monitoring methodology uses within this study prohibits additional insights into

these subtleties.

Finally, all treatment trains exhibited the ability to markedly prolong the total time of

discharge during storm events. This measurement for hydrologic performance highlights

the ability of these treatment trains to spread storm flows over a longer period allowing

Tributary 104 to receive stormwater more gradually. Ponds 2 and 6 had discharge durations

of over eight hours while Pond 1 only had durations of two hours, on average. In general,

across all storm events, the discharge from Pond 1 exhibited “flashy” behavior meaning

that discharge during a storm event would occur over a short period of time and have high

peak flows. In contrast, both Ponds 2 and 6 would experience lower peak flows and gradual

declines in discharge after peak flows, resulting in longer durations of discharge compared

to Pond 1. This “flashy” hydrologic behavior within the Pond 1 treatment trains is likely

caused by some aspect of the connectivity between the BMPs within the treatment train;

however, as with the lag time differences, due to the monitoring methodology it is difficult

to pinpoint how and why this occurs in Pond 1 more drastically compared to Ponds 2 and
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6.

Overall, this monitoring demonstrates that these treatment trains can be highly success-

ful at managing stormwater volumes during storm events. In general, within these subwa-

tersheds containing these treatment trains, stormwater volumes were reduced, on average,

by over 90%, and the time between rainfall events and storm flows entering the neighboring

Tributary 104 was greatly increased. As a result, this research suggests that in areas where

decentralized, stormwater BMP treatment trains can be built alongside of development, this

style of management and infrastructure can be highly effective at mitigating the negative

hydrologic effects associated stormwater runoff. In addition, this monitoring conveys the

needs for more in-depth research to better understand how to better design, arrange, and

connect the BMPs within these treatment trains to further increase lag times and discharge

durations. Closer attention to these dynamics will help to prevent the “flashy” behavior as

shown in Pond 1, which likely impacts the ability of the treatment trains to also manage

the quality of stormwater – an important aspect of management, not covered within this

research.

2.4.2 Influence of Precipitation Dynamics on Treatment Trains

Building upon the overall hydrologic performance of these treatment trains, another

important aspect of these research was the effect of precipitation dynamics on their perfor-

mance. Both the multiple linear regressions and logistic regressions analyzing how precip-

itation dynamics affect both normalized discharge and discharge abatement demonstrate

similar results. Expectedly, across all treatment trains, the overall performance of these

treatment trains was altered by changes in precipitation dynamics. Generally, as precipi-

tation increased, precipitation intensity increased, and antecedent dry days decreases, the

overall hydrologic effectiveness decreased (normalized discharge increases, and discharge
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abatement decreases).

The multiple linear regression analyses demonstrated that precipitation dynamics, while

affecting hydrologic performance, were not highly correlated with normalized discharge or

percent discharge abatement, as shown by the lower R2 values in Table A.1 and ??. The

multiple regression analysis on precipitation dynamics compared normalized discharge

suggests that precipitation amount was the most important predictor of normalized dis-

charge within each of these treatment trains. Precipitation intensity and antecedent dry

days were not statistically significant for normalized discharge across all treatment trains

except for precipitation intensity for Pond 6. This suggests that the treatment trains can be

hydrologically effective for a host of precipitation dynamics and are less reliant on “ideal”

precipitation dynamics (high antecedent dry days and low precipitation intensity). Impor-

tantly, this analysis demonstrated that the hydrologic performance of these treatment trains

was not highly correlated with antecedent dry days. Previous studies have suggested that

low antecedent dry days could cause decreased hydrologic performance in green infras-

tructure due to lower rates of evapotranspiration and infiltration; however, within these

treatment trains, antecedent dry days did not appear to affect the hydrologic performance

of the green infrastructure BMPs [69, 71, 81].

In contrast, for the multiple regression analysis on percent discharge abated compared

to precipitation dynamics conveyed that precipitation intensity was the most important fac-

tor for determining the percentage of discharge that would be abated. For these treatment

trains, their ability to detain and slow stormwater and facilitate ecosystem processes, like

evapotranspiration and infiltration, greatly increase their hydrologic performance and abil-

ity to abate stormwater [70, 71]. During high intensity storm events, the ability of these

green infrastructure BMPs to detain stormwater can be compromised and simply convey

stormwater to the following BMP within the treatment trains, rather than promote infiltra-

tion and evapotranspiration. As the results from this monitoring suggests these treatment
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trains’ hydrologic performance can be affected by the precipitation intensity – highlighting

that the design of the BMPs within these treatment trains needs to able to account for high

intensity storm events, especially in the face of climate change [3, 82]. Similarity with the

normalized discharge analysis, antecedent dry days did not significantly contribute to the

discharge abatement of these treatment trains. This demonstrates the ability of the BMPs

within these treatment trains to quickly recover after storm events

Finally, the logistical regression analyses conveyed similar results to both multiple re-

gression analyses. Across all treatment trains, increases in precipitation and precipitation

intensity correlated to higher probability of discharge. Notably, the logistical regression for

antecedent dry days portrays that increasing antecedent dry days produced slightly higher

probabilities of discharge which is counter-intuitive and contrary to the previous research

[71, 83–85]. This is likely due to the overall low correlation between discharge probabil-

ity and antecedent dry days, rather than a trend itself – demonstrating the ability of these

treatment trains to recuperate and adapt after each storm event to mitigate stormwater for

following events. The logistic regressions also show that increased in precipitation inten-

sity (log-scale) tend to have a higher influence on the probability of discharge compared to

precipitation amount. This again portrays the need to design BMPs and treatment trains to

cope with higher intensity storm events.

Between each treatment train, the logistic regression analysis conveys that Pond 1 ap-

pears to be the less affected by precipitation dynamics for discharge compared to Pond 6

and Pond 2. Pond 6 generally appears to be more affected by the precipitation dynamics

compared to Pond 2, expect at low precipitation intensities (¡ 0.08 in/hr) where the storage

and recharge chambers within the Pond 6 subwatershed can effectively detain stormwater.

At greater precipitation intensity, Pond 6 has higher probabilities of discharge than Pond 2

indicating that these recharge and storage chambers are less effective at higher precipitation

intensities. Pond 1 is likely less affected by precipitation dynamics due to a combination
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of storage capacity within the treatment train and low percentage of impervious surfaces

within the subwatersheds compared to Ponds 2 and 6. In contrast, Pond 6 has substantially

higher percentage of impervious surfaces within the watershed and lower storage capac-

ity compared to total subwatershed area than both Ponds 1 and 2 which likely results in

the higher influence of precipitation dynamics on probability of discharge shown in the

logistical regressions.

In total, these analyses on precipitation dynamics demonstrate two key takeaways. The

hydrologic performance of treatment trains is most readily affected precipitation intensity

compared to other precipitation dynamics. This suggests that treatment trains must be de-

signed to more effectively store and detain stormwater, even during high intensity storm

events, in order to ensure effective performance across a host of storm events and in the

face of increasing higher intensity storm events due to climate change [3, 82]. In addition,

this monitoring demonstrated that total storage capacity of BMPs within a treatment train

and percentage of impervious surfaces within a subwatershed are important factors in deter-

mining the hydrologic effectiveness of treatment trains. As a result, treatment trains should

be designed to ensure higher storage capacities in subwatersheds with higher percentages

of impervious surfaces.

2.5 Conclusions and Future Research Needs

Treatment trains consisting of decentralized, green infrastructure BMPs are increas-

ingly being implemented in newly developed areas and, to a lesser extent, as retrofits in

more urbanized areas. This research demonstrates that treatment trains can effectively

manage stormwater volumes,especially rainfalls under 1 inch, across a host of storm events

with a range of precipitation amounts, intensities, and antecedent dry days. Our research

also indicates that despite some treatment trains containing recharge chambers and stor-
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age tanks that temporarily detain stormwater, treatment trains are susceptible to decreases

performance during higher intensity storm events. This suggests that as higher intensity

storm events become more frequent due to climate change, these treatment trains and green

infrastructure BMPs, in general, should be designed to detain and store rapid influxes of

stormwater during high intensity events. Failure to design BMPs and treatment trains with

these high intensity storm events in mind will result in greatly diminished hydrologic per-

formance and likely decreased ability to remove pollutants from stormwater, like organics,

metals, and sediments. From this research, we also suggest that treatment trains be de-

signed and built to ensure that drainage areas containing higher percentage of impervious

surfaces contain additional storage ability to mitigate the effects of precipitation dynamics,

like precipitation amount and intensity. Our monitoring conveyed that subwatersheds with

the highest percentage of impervious surfaces within the drainage area were more sensitive

to precipitation dynamic variations, despite increases in storage capacities of BMPs. This

highlights that increasing storage capacities of treatment trains as drainage areas increases

is not sufficient, especially if the percentage of impervious surfaces increases within the

drainage area. Overall, our research demonstrates that treatment trains can be effective at

managing stormwater quantity, but continued attention needs to be directed towards de-

signing and planning these treatment trains to withstand and cope with both higher volume

and intensity storm events.

This research begins to investigate performance of the decentralized, green infrastruc-

ture at the subwatershed or treatment train scale. While our monitoring project provides a

good platform for their hydrologic effectiveness, additional research is needed. Research

focused on how each individual BMP functions within a treatment train performs and

how each BMP contributes to the overall performance of the treatment train can provide

some important insights for planning and development of future treatment trains. Similar

methodology will also allow for a better understanding of how these treatment trains react
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to high intensity storm events when storm flows inundate and overwhelm BMPs resulting

in rapid transport of stormwater throughout the treatment train, as seen in this research.

Finally, sampling accompanying the stormwater monitoring will allow for insights into the

ability of these treatment trains to manage stormwater quality, especially nitrogen, phos-

phorus, and sediments. As treatment trains and decentralized BMPs become more readily

adopted, it is important to ensure that these infrastructural practices are planned and built to

withstand an ever-changing landscape and climate and ensuring sustainable, resilient, and

equitable stormwater management outcomes.
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Chapter 3: Rethinking Stormwater: An Analysis using the Hydrosocial

Cycle1

3.1 Introduction

“The fundamental problem with conventional stormwater management may be the

mindset. It does not treat water as a valuable resource but more like a problem to be

solved, or even worse, it as a waste product” [13].

Water is a substance that is inextricably linked with life. It is a “non-substitutable flow

resource essential for life and ecological health” but also “of deep spiritual and aesthetic

significance” [86]. Water and society are deeply connected with water leaving a trace

of its historical, political, and social influence on society as it flows over the landscape

[54, 55, 87–90]. The “social nature” of water is the idea that water’s materiality, conceptual

significance, and meaning is the direct result of the social relations that produce it [91].

Social nature reflects Cronon’s ideas where, “what we mean when we use the word ‘nature’

says as much about ourselves as about the things we label with that word” [92]. What

people mean when they talk about water, the different names, meanings, and values they

place on water are created by socio-natural processes. These socio-natural processes being
1This dissertation chapter was published on April 30, 2020 in the journal, Water. Matthew Wilfong

and Mitchell Pavao-Zuckerman were co-authors for this journal article. Matthew Wilfong contributed con-
ceptualization, methodology, investigation, writing, review, and editing of the manuscript. Mitchell Pavao-
Zuckerman contributed funding and review and editing of the manuscript. This research was funded by
NSF-CHN/AGS Grant no. 1518376 and a USDA NIFA Hatch project through the Maryland Agricultural
Experimentation Station. This article is an open access article distributed under the terms and conditions of
the Creative Commons Attribution [28].
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the internal relations that materially and discursively shape water and society, blurring and

abstracting the separation between the two [93].

The idea that water is “inescapably social” [94] is in direct contrast with the preemi-

nent Western epistemology where nature and society are separate entities. This dominant

cultural ideology has allowed water to become an object of management, governance, and

commodification. As a result, command-and-control practices and technocratic solutions

dominate water management and are the primary mechanisms to control natural hydro-

logic processes [9, 10, 33, 95]. These technocratic solutions struggle to reach resilient,

sustainable, and equitable outcomes due to disregarding and overlooking the social nature

of water [54, 55]. Moving past the command-and-control, engineering-based model is es-

sential to address the complex and wicked problems for a growing population and in an

ever-changing climate [2, 9, 96].

This desocialization and depoliticization of water management under the prevailing

Western epistemology is extremely evident in stormwater management in the United States.

Stormwater management has been a public health, public safety, and environmental is-

sue throughout the history of mankind, exacerbated by the drastic increase in urbanization

within the last century [4]. In the United States, stormwater management remains in a

technocratic realm of engineers and hydrologists due to the separation of humans from the

hydrologic cycle. Most stormwater management and governance decision-making is based

solely on hydrologic variables and analyses, rather than utilizing more holistic approaches

[1, 2, 5, 14, 95].

Despite this, there has been progress towards more resilient stormwater management

– from solely flood control towards treating stormwater prior to release into surrounding

waterways. One example of this progress is the utilization of green infrastructure, rather

than traditional gray infrastructure, to help manage stormwater volume and quality in ur-

ban and suburban areas [9]. Currently though, stormwater management in the United States
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continues to struggle with changing climatic conditions while maintaining human and en-

vironmental well-being [1, 5, 12]. Many urban water and stormwater management scholars

suggest that climate change requires a complete rethinking and overhaul of water manage-

ment, including stormwater management, especially in urban areas [11, 26].

Most engineers, hydrologists, and ecologists alike acknowledge that understanding the

social, political, and economic factors driving stormwater management is important, but

typically these factors are discounted and not incorporated into decision-making and gov-

ernance [2, 5]. One approach that can help bring these factors into decision-making is the

hydrosocial framework, which stresses that water and society exist in an integrated sys-

tem. So, rather than people affecting hydrologic systems from the outside, the hydrosocial

cycle views water and people as an integrated system with internal connections between

humans and water [55]. The hydrosocial cycle as a framework for stormwater manage-

ment can provide the ability to assess and understand the political, economic, social, and

cultural dimensions. The hydrosocial cycle promotes a critical analysis of water-society

relationships, positioning humans within the hydrologic cycle, where humans and water

co-construct themselves based upon complex interactions of social, political, historical,

economic, and hydrological factors.

The goal of this article is to explore how the hydrosocial cycle, as a framework for anal-

ysis, can provide the platform to investigate the social and natural relations of stormwater.

We begin by showing that a hydrological framework that does not integrate the socio-

natural aspects of water and stormwater heavily influences most stormwater management

thinking and programs. Next, we present details of two case studies to illustrate the appli-

cation of the hydrosocial cycle through which broader cultural, social, and political factors

are linked to water management, in one case rainwater harvesting and the other stormwater

management. The insights and lessons learned from these two different case studies are

useful and suggestive to what a hydrosocial approach to stormwater management might
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look like or consider. Finally, we suggest some implications and provide recommenda-

tions focused on how hydrosocial analysis of stormwater management can increase the

understanding of the socio-natural aspects of stormwater and how stormwater engineers

and managers can begin to think within a hydrosocial framework.

3.2 History of Stormwater Management in the United States

Stormwater management is not a modern invention in response to urbanization. An-

cient civilizations, like the Romans and Mesopotamians, constructed rather sophisticated

water drainage infrastructure throughout their cities [97]. Historically, “pave and pipe ap-

proaches” were used to move stormwater off the landscape as quickly as possible with a

“slow and soak” approach being utilized currently where stormwater is slowed down and

allowed to remain and soak into the landscape over a longer period [4]. As populations

continue to grow within the United States and throughout the world, a larger proportion of

the landscape will be developed into suburban and urban environments. Development of

the landscape can have a drastic effect on stormwater hydrology through a host of mecha-

nisms including removal of vegetation, compaction of soils, and construction of impervious

surfaces [14]. The processes of development significantly reduce the ability of the land-

scape to maintain proper hydrologic functioning [3, 7, 17, 22, 65, 98]. As urbanization has

continued and the construction of impervious surfaces increased, it has become glaringly

evident that stormwater management is necessary to maintain public and environmental

health.

The concept of a hydrosocial contract or unwritten contract between society and their

government to provide potable drinking water, water sanitation, management of stormwa-

ter, and flood protection begins to highlight how society and water have co-evolved over

time. This coevolution can be seen through alterations in the hydrosocial contract, es-
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pecially through the outcomes and goals of stormwater management. Stormwater man-

agement in the United States has undergone transitions; however, these transitions have

been slow and ineffective at responding to the changing conditions and delivering manage-

ment outcomes that align with the public and environmental concerns posed by stormwater

[2, 5, 9]. Stormwater management began in urban areas with the primary goal of protecting

public health from waterborne diseases that were prevalent due to the dumping of human

waste into surrounding waterways. To combat this, some urban areas constructed com-

bined wastewater and stormwater pipes which transmitted stormwater and wastewater to a

central water treatment plant before release into local waterways. These combined sewers

work well during dry conditions, but during wet weather, these combined sewers overflow

resulting in the direct release of untreated sewage and stormwater directly into surround-

ing waterways [99]. Additionally, public safety became a primary concern due to flooding

resulting from a host of landscape alterations associated with urbanization. To provide

flood protection, the dominant view has been to transport stormwater off the landscape as

quickly as possible, resulting in the technocratic solution of concrete lining or placing of

streams into pipes to expedite the movement of stormwater to larger, receiving bodies of

water. This paradigm in stormwater management characterized primarily by the expedited

movement of stormwater off the landscape and into receiving bodies of water have been

called “drained or sewered cities” [1, 9, 12, 83].

This paradigm dominated until the beginning of the environmental movement, where

society wished to rethink the hydrosocial contract, leading to the subsequent passing of the

Clean Water Act (CWA) in the 1970’s [2, 14]. The passing of the Clean Water Act in 1972

and the subsequent amendments (301 and 402) in 1987 placed legal requirements on state

and local governments to control and treat stormwater prior to release into waterways [4].

These policies caused a distinct shift in stormwater management towards stormwater con-

trol measures that not only managed the volume, but also the quality of stormwater. Cities
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and municipalities have aligned with these legal requirements following both traditional

gray infrastructure (centralized conveyance systems and water treatment plants) and GI

(decentralized infiltration systems and practices) with the implementation of either vary-

ing spatially and temporally [2, 4, 14]. Stormwater management during this era has been

called “waterways cities” [9, 10, 96] where the primary goal of stormwater management

is to reduce pollutants entering waterways via stormwater through water volume reduction

and water quality improvement practices. This is the current paradigm in the United States,

but with a vast spectrum of implementation both within cities and throughout the country.

Some cities have invested greatly in decentralized GI while others have continued to rely

on gray infrastructure to meet the requirement of the CWA, but the large majority have

implemented a complex combination of both gray and GI [31].

While there is agreement that decentralized GI practices will promote more sustainable

and resilient stormwater management, the adoption and implementation of these practices

has been slow mostly due to social, economic, and political factors [1, 5, 14]. Engineers,

hydrologists, and ecologists who often make stormwater infrastructure and management

decisions frequently overlook these factors [2, 60]. This tends to result in the implemen-

tation of traditional gray infrastructure rather than the adoption of new, GI practices. To

compound these issues, climate change has prompted scholars to suggest that a “com-

plete reworking of urban water governance” is required to cope with the public health,

public safety, and environmental issues [11, 60]. In the United States, stormwater manage-

ment must adapt to the changing climate, population growth, and increased urbanization

towards more resilient, sustainable, and equitable outcomes. This would require stormwa-

ter management to incorporate the socio-natural aspects of stormwater into management

and governance decision-making. This will also require a conceptual shift away from the

hydrologic cycle and towards understanding of stormwater and society more holistically –

this transition can be done using the hydrosocial cycle.
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3.3 Transition from Hydrologic to Hydrosocial Cycle

Water management and governance has lacked a holistic perspective, when attempting

to provide water for societal health, well-being, and prosperity resulting in the tendency

to view water as a resource or commodity. This material view of water and water infras-

tructure has been reinforced by the hydrologic cycle. In the hydrologic cycle, the flow of

water throughout the biosphere is a phenomenon pertaining to the “natural circulation of

water in, on, and over the Earth’s surface” [100]. The hydrologic cycle was first depicted

by Robert Horton, an American hydrologist, with the purpose of providing a framework

for the continued study of water within the biosphere [100] (Figure 3.1).

Figure 3.1: An example depiction of the hydrologic cycle seen in most textbooks and taught in
introductory environmental classes. The purpose of this figure is not to convey the scientific princi-
ples of the hydrologic cycle, but to demonstrate the separation of humans from the hydrologic cycle.
Produced by the United States Geological Survey.
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The separation of humans from the hydrologic cycle has persisted despite many schol-

ars identifying the problematic discourse of humans’ separation from nature [55, 88]. This

persistence may be connected to the general lack of representation of humans in hydro-

logic conceptual models. For example, a recent study reviewed 464 water cycle dia-

grams from around the world and found only 15% conveyed any type of human interac-

tion within the cycle and only 2% showed any potential effects of human-induced climate

change[101, 102]. Excluding human interactions from conceptualizations of water cycles

may contribute to mismanagement of water resources and ineffective and inequitable water

governance.

The hydrologic cycle leads to the separation of hydrologists from the other stakeholders

and variables affecting water management and governance. The reliance on the hydrologic

cycle reduces the ability to understand the historical, political, and social dimensions that

give meaning, value, context, and power to water in, on, and over Earth’s surface. Effec-

tively, the hydrologic cycle “represents water in a way that erases its own social content

and operates akin to a mirror of nature, wherein no image of society is reflected back” [55].

The hydrosocial cycle [55] provides an alternative to the widely accepted hydrologic cy-

cle (Figure 3.2) and broadly conveys how “water” is situated within a continuously adapting

cycle shaped by social, physical, and technological drivers. This general framework pro-

vides a stark contrast to depictions of the hydrologic cycle. In contrast with the hydrologic

cycle, the hydrosocial cycle attempts to understand and account for the historical, polit-

ical, and social factors that shape water and water management. Rather than separating

humans from the flow of water, the hydrosocial cycle captures the reality that “water is

simultaneously a physical flow (the circulation of H2O) and a socially and discursively

mediated thing implicated in that flow” [88]. The hydrosocial cycle can be defined as “a

socio-natural process by which water and society make and remake each other over space

and time” [55]. This dialectical relationship between water and society suggests tracing ev-
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ery alteration within the hydrologic cycle to a societal shift of power or structural change is

possible [87]. The hydrosocial cycle insinuates that water and society as related internally,

each providing meaning, context, and power to the other [54].

Figure 3.2: A conceptual diagram of the hydrosocial cycle by which the materiality of water, social
power and structure, and technology and infrastructure make and re-make “water”. Adapted from
[55]

The hydrosocial cycle emphasizes the socio-natural aspects of water, particularly where

“particular kinds of social relations produced different kinds of water” [103]. These differ-

ent kinds of “water” arise due to different sociocultural meanings and water-society power

relations that produce significant symbolic and material implications. For example, the so-

ciotechnical processes that create bottled water as an alternative to tap water that citizens

would be willing to pay for demonstrates how social, political, economic, and historical

factors can create different kinds of water with different values and meanings [88]. In short

- the hydrosocial cycle reframes the Western epistemology that divorces nature and soci-
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ety, and it allows the analysis of water and society as “the transformations of, and in, the

hydrological cycle at local, regional and global levels on the one hand and relations of so-

cial, political, economic, and cultural power on the other”. The hydrosocial cycle seeks to

understand the socio-natural processes that drive water-society relationships over time and

across space.

The hydrosocial cycle can be a powerful framework to analyze the social, political,

and historical dimensions of water-society relationships. The key aspects to utilizing the

hydrosocial cycle to understand these relations are: (1) water management is necessary

to maintain society, and as such, has a substantial driving effect on organizing society

and power relations, which then in turn affects the hydrologic flows of water; (2) water

and society are internally related – so that different sociopolitical relations give rise to

different kinds of water; and (3) water’s material, hydrologic flow, despite being socio-

politically altered, still provides important and active processes in the hydrosocial cycle that

cannot be discounted [55]. Using the hydrosocial cycle can illuminate previously hidden or

obscure nature-water-society relations that when integrated convey how water’s production,

meaning, value, and context is the product of the coevolution of water and society.

3.4 Methodology: Using the Hydrosocial as Framework for Analysis

The research done throughout this article consisted of a literature review, in-depth anal-

ysis of stormwater-related hydrosocial case studies, and a synthesis of implications that a

hydrosocial framework can bring to stormwater management. This research began with

a literature review of applications of the hydrosocial framework to analyze water-society

relationships in various sociocultural, political, and economic contexts. The literature re-

viewed spanned a multitude of spatial, cultural, and political settings [59, 104–112]. This

literature review not only provided a basis for understanding applications of the concep-
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tual framework and theory behind the hydrosocial cycle, but also, a platform to assess and

expand into other water-society relationships, like stormwater management.

We formulated a set of questions based upon the literature review that all case studies

provided the information to answer. These questions can be used as the basis for assess-

ing the hydrosocial relations for any given water-society relationship. Additionally, they

help explore the coevolution of water and society and unveil the internal processes and

relationships shaping one another:

1.) What is the definition or conception of water amongst different stakeholders? Do

these stakeholders have differing definitions or conceptions?

2.) What is the primary mechanism or driver behind the conception of water for each

stakeholder group (i.e., social, historical, economic, political, spiritual, etc.)?

3.) In each instance, how has water and society been co-constructed and internally

related to create “different waters in different water-society relationships” [55]?

4.) What are the management and livelihood implications and consequences of the

hydrosocial relations between stakeholders and their and their “waters”?

Each of these questions can be answered differently depending on the hydrosocial re-

lations present in any location, but they can have a profound effect on the water-society

relationship and the overall goals and outcomes of water management and governance.

These questions, derived from the literature review, are the foundation of any hydrosocial

research and the backbone of beginning to question novel water-society relationships, like

stormwater management.

Two case studies were chosen to explore the application of the hydrosocial cycle to

analyzing stormwater management in the United States. Each case study analyzed with

the above questions demonstrates how water and society continuously make and remake

each other through sociocultural and sociopolitical processes. These two case studies con-

cerning rainwater harvesting in the arid southwest [113] and the political atmosphere sur-
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rounding the implementation of green infrastructure (GI) implementation [34] were chosen

to be illustrative and representative of the power of the hydrosocial cycle as an analytical

framework. Additionally, both case studies were closely related to stormwater and could

be utilized to explore what a hydrosocial approach would bring to an analysis of stormwa-

ter management. These case studies were utilized as steppingstones to draw equivalents

into stormwater management. These parallels allowed for the formulation and articulation

of key questions that a hydrosocial framework reveals for stormwater management in the

United States.

3.5 Results: Bridging the Hydrosocial into Stormwater Management

3.5.1 Rain Harvesters as “Ethical Desert Dwellers”

In a study of rainwater harvesting programs in Arizona, Lucero Radonic documented

how rainwater harvesting produced an intimate connection between residents and rainwa-

ter [113]. The city of Tucson instituted a rainwater harvesting ordinance in 2008 where

residents received a $2,000 rebate for the installation of cisterns on their property. These

rainwater harvesting practices were readily implemented with nearly two thousand resi-

dents installing cisterns in the first six years of the program [113]. The primary goal of

the ordinance was to reduce the potable water consumption by residents of Tucson by in-

centivizing the use of harvested rainwater for irrigation and other household uses. This

research revealed that despite the widespread installation of rainwater harvesting practices,

potable water consumption by residents did not significantly decline. Radonic analyzed

the hydrosocial relations altered and created through the rainwater harvesting program and

determined how and why potable water consumption remained consistent [113].

The goal of decreasing the potable water consumption was not achieved through the

rainwater harvesting ordinance; however, the hydrosocial relationships between the resi-
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dents, rainwater, and their surrounding environment were transformed. For residents, the

rainwater-harvesting program altered their relationship with the surrounding environment,

providing a deep connection with the local landscape and water resources. Understanding

the hydrosocial relations affords a look into the more nuanced ramifications of the rainwater

harvesting program that go beyond simply lowering potable water consumption.

The rainwater-harvesting program allowed residents to feel as though they were work-

ing alongside the natural environment, and they managed their livelihood within the desert

landscape. For example, nearly all residents were utilizing the harvested rainwater to de-

crease the use of potable water for irrigation purposes. Residents shifted to manually wa-

tering the landscape or setting up automated drip irrigation connected to their cisterns, de-

spite being both time and labor intensive compared to typical household watering practices

[113]. This alteration in everyday irrigation practices helped produce a tangible connection

between the harvested rainwater, the landscape, and the residents, themselves. Addition-

ally, many rainwater-harvesting residents began to replace high water using ornamental

plants with more drought-resistance native plants to allow the harvested rainwater to be

more efficiently utilized [113]. Residents began to take responsibility for, not only har-

vesting rainwater, but effectively and efficiently utilizing the rainwater for the betterment

of their landscape and to decrease their impact of living within a desert environment. Ul-

timately, this connection prompted a new socio-natural relationship between the residents

and their environment, altering how residents viewed their place on the landscape.

Rainwater is now also conceptualized as a new “resource” within the urbanized environ-

ment [113]. Many residents, after partaking in the rainwater-harvesting program, uprooted

their beloved “tropical paradise” landscaping to prevent wasting harvested rainwater [113].

Residents also began citing healthier plants and soil conditions due to rainwater irrigation

[113]. Residents started viewing rainwater as higher quality compared to tap water, the

result of their intimate relationship with harvesting practices (like how a tomato grown in
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your own garden always tastes better than one that was store bought). Rainwater became

socially and culturally constructed as a valuable resource that residents could take advan-

tage of and utilize for their own personal benefit and the betterment of the environment.

The hydrosocial relations that arise because of the water conservation program do not

align with the goals and outcomes of the state conversation program, but still provide im-

portant, useful insights for future water conservation and management in the face of in-

creased urbanization and climate change in a desert environment. For example, by under-

standing the hydrosocial relations, one identifies that the usage of harvested rainwater for

irrigation is an avenue to promote more efficiency. Most residents use their harvested rain-

water purely for landscape irrigation; however, many residents cited that this practice is

inefficient, labor and time-intensive, and particularly wasteful. This wastefulness is due to

the inability of residents to closely monitor pumping systems distributing rainwater and/or

the forgetfulness of residents to close valves and move hoses and pipes when manually dis-

tributing collected rainwater. A hydrological viewpoint may deem the program a failure or

advocate for additional rainwater harvesting by residents to lower potable water consump-

tion, but through understanding the hydrosocial relations, the state could help lower potable

water consumption through outreach for irrigation practices and promoting the usage of

different, more efficient irrigation technologies. This outreach could help residents more

efficiently and effectively utilize harvested rainwater and decrease the use of potable water

for irrigation purposes when rainwater is either wasted or scarce. Additionally, though,

this analysis conveys the socio-natural processes and hydrosocial relationships that arise

because of the rainwater harvesting program. These insights are important to understand

and assess to determine how residents relate to water resources and their surrounding envi-

ronment.
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3.5.2 Co-option of Green Infrastructure by Gray Epistemologies

In a second case study, Michael Finewood demonstrates how water management and

governance stakeholders have co-opted the conversation around GI for stormwater man-

agement to maintain control and power [34]. The city of Pittsburgh, subjected to Consent

Decree in 2008, required Allegheny County Sewer Authority (ACSA), in collaboration

with municipalities, to improve the quality of water entering the surrounding streams and

rivers. The Consent Decree would require large-scale improvements in the stormwater in-

frastructure within the city costing ACSA approximately 2-4 billion dollars. Stormwater

management infrastructure in Pittsburgh would primarily be classified as “gray infrastruc-

ture” where combined stormwater and sewage pipes convey water to water treatment fa-

cilities prior to release into local waterways. Moving away from gray infrastructure and

limiting combined sewer overflows, GI or source-control practices have gained widespread

acceptance as a more ecologically friendly and “green” method for stormwater manage-

ment.

In 2013, ACSA released a “Wet Weather Plan” that detailed how primarily gray infras-

tructure approaches would be constructed to help meet the Consent Decree that was roundly

opposed by a large contingent of the community. Community members instead supported

the institution of GI practices across the city to help cope with stormwater during rain

events and potentially provide more equitable distribution of benefits from the large-scale

infrastructure projects necessary to meet the Consent Decree [34]. The Wet Weather Plan

was rejected by the Environmental Protection Agency (EPA), providing community advo-

cates an inroad for the institution of GI practices into the Wet Weather Plan. After the

rejection of the gray infrastructure-dominated plan and the backlash faced from the com-

munity over the lack of GI, ACSA began to acknowledge the importance of GI to manage

stormwater. ACSA understood that the incorporation of GI within the city would be more
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expensive, require additional planning, and necessitate involvement with the community.

To avoid this and maintain the status quo of stormwater management in Pittsburgh, ACSA

used their position of power and perceived expertise to control the gray versus GI narrative

and how GI was conceptualized.

Controlling the narrative began when the ASCA began using model analysis to pinpoint

“hot spot” areas for GI implementation, allowing ACSA to be viewed as supportive of GI,

demonstrating their expertise for stormwater management, and controlling GI implementa-

tion, in general. ASCA also worked alongside community partners to find shovel-ready GI

projects. These shovel-ready projects for GI implementation were chosen based on which

projects would be most visible to the community, rather than which would provide the high-

est stormwater management and overall community benefit. ACSA rebranded themselves

as “green by mission, green by choice” [34] and began to attend community meetings or-

ganized by GI proponents to convey how they were supportive of GI institutions. Addition-

ally, ASCA incorporated GI into their revised Wet Weather Plan, but strategically failed to

set any specific GI goals or targets. ASCA appeared to the public as honestly incorporating

GI into their plan while only superficially endorsing and supporting GI implementation.

This could be seen in discussions around construction of GI within low-income neighbor-

hoods where engineers “asked if there was an effective size or type of GI that would not

need community feedback” [34].

All these steps taken by ASCA were to increase their involvement within the GI discus-

sion. Then they began shaping the narrative surrounding GI implementation for stormwa-

ter management. ASCA shifted to a more technical narrative for GI implementation cen-

tered on hydrology that GI advocates had to embrace to be incorporated within the de-

bate. Community advocates speaking about GI in terms of “water quality compliance” and

“long term-maintenance and monitoring,” where prior to ASCA involvement, the narrative

was centered on broader, less technical ideas, like job creation, economic development,
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and community improvement. This demonstrates co-opting of the GI narrative by ASCA.

ASCA utilized their position of power and control to infiltrate the GI discussion, shift the

narrative to benefit their viewpoint, and ultimately, converge the narrative more towards

their preferred gray infrastructure, technological-dominated views. By doing so, ASCA

could not only control what infrastructure is built (gray vs. green), but where it is built and

who it benefits. Here, stormwater and society co-construct each other to reconceptualize

GI through political, economic, and socially distinct narratives.

ASCA was not only shaping the narrative surrounding stormwater management, but

also around larger, more broad urban governance issues. The converging of ASCA’s engineering-

based ecohydrological narrative with community-based involvement in stormwater man-

agement through GI did not result in collaboration and erosion of epistemological differ-

ence, it simply reframed the city as slightly greener but the dominant existing command-

and-control, technocratic regime remained in control and power [34]. This results in the

same stakeholders “shaping, controlling, and reproducing the city” [109] to align with their

interests, benefiting themselves, and neglecting others, but behind the shroud of collabora-

tion with community groups. Community members wanted GI to be incorporated into the

Wet Weather Plan to provide multi-functional benefits, especially for low-income neigh-

borhoods, who disproportionately are affected by the multitude of environmental harms of

urban living [34]. This shift would entail a reworking of urban water management within

Pittsburgh and potentially a removal of powerful actors, like ASCA. To prevent this, ACSA

co-opted the messages and views of GI proponents and community members, using their

position of power and expertise to control the narrative. This allowed ASCA to maintain the

status quo for urban water management, and more largely, produce a city designed to ad-

vantage certain actors and stakeholders, and neglect others which has distinct management

and livelihood implications.

A hydrosocial lens allows an analysis that better understands the sociopolitical drivers
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that maintained a gray epistemology within Pittsburgh water governance and management.

The dominant ecohydrological view allows for the perpetuation of dominant management

practices and outcomes and the co-option of the GI narrative. Through an analysis of the

hydrosocial relations, it becomes evident that GI advocates and community members must

change how they approach GI implementation and adoption to achieve their goals. GI

advocates must begin to ask deeper, more complex questions of urban power dynamics,

human-nature integration, and capitalistic endeavors, and if progress towards GI adoption

wishes to overcome the dominant, deeply ingrained technocratic management, especially

surrounding urban water management.

3.5.3 Synthesizing Case Studies

These case studies demonstrate the significance of understanding the hydrosocial re-

lations concerning stormwater management and governance. When used as an analytical

tool, approach, or lens, the hydrosocial cycle illuminates previously obscured or invisi-

ble social, political, historical, and/or economic interactions that shape how the framing

of stormwater and how governance and management is undertaken and supported. The

findings and implications of each case study and how each case study answers the guided

hydrosocial questions mentioned previously is depicted in Table 3.1. We summarize the

insights from the hydrosocial analysis, the implications of these insights, and how these

insights are different from typical hydrologic or ecohydrological research in the following

section.

In Tucson, Arizona, state-sponsored rainwater harvesting programs fostered an inti-

mate connection for residents with their desert landscape; however, it did not produce the

desired outcome of lowering potable water consumption. At first glance, the rainwater-

harvesting program was a failure; however, by understanding the changing hydrosocial
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Table 3.1: Comparative Insights from Applying Hydrosocial Framework

Pittsburgh, Pennsylvania Tucson, Arizona
Definition or
Conception
of Water

Stormwater
Water as “hazard”

Rainwater
Water as “resource”

Primary Mechanism
or Drivers

Political
Social
Physical
Economic

Social
Physical
Political

Co-construction of
Water and Society

City needed to adhere to
the Consent Decree
to manage stormwater
within Pittsburgh. Conflict
between GI proponents
and ASCA on how to best
address stormwater and
adhere to Consent Decree.

State rainwater harvesting
program designed
to promote decrease in
potable water consumption
by residents. Program alters
residents’ connection
with rainwater, tap water,
and surrounding landscape.

Insights of
Traditional
Ecohydrological
Analysis

Gray infrastructure is the
most cost-efficient choice
to manage stormwater in
Pittsburgh, but GI
implementation in
“hotspot” areas for
ecological benefit.

Rainwater harvesting program
failing to decrease
potable water consumption
among residents. Increased
adoption could decrease potable
water usage.

Insights using
Hydrosocial
Analysis

The co-option of GI for
stormwater management
by those in power to maintain
authority over water

management. GI narrative
controlled by traditional
technocratic, command-
and-control water
management regime.

Rainwater harvesting program
failing to decrease potable
water consumption among
residents. Residents as “ethical
desert dwellers,” not as
economic rational decision
makers that use rainwater
harvesting to validate their
decision to live in a desert
environment.

Management and
Livelihood
Implications

GI advocates should
acknowledge how they
have lost control of the
GI narrative. Begin to
ask larger questions of
urban power dynamics to
unseat traditional institutions,
power dynamics, and
epistemologies.

The implementation of future
conservation programs
towards more efficient, effective
usage of collected rainwater
and other programs to
decrease public
potable water usage.
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relations, future management decisions and programs can be more successful. In Pitts-

burgh, Pennsylvania, the co-option of GI by engineers and hydrologists to maintain the

status quo and perpetuate environmental inequality within the city’s stormwater manage-

ment plan is significant to acknowledge. The hydrosocial configurations, despite appearing

to favor a shift to supporting GI and the management of stormwater as a “resource” were

purely superficial. To truly progress towards the implementation of GI, co-option must

be understood through hydrosocial relations and avoided and overcome. These case stud-

ies provide valuable information on how the hydrosocial framework illuminated the often

hidden social, cultural, and political factors underlying water-society relationships. Impor-

tantly, these case studies provide direct relations to implementing a hydrosocial framework

into stormwater management in the United States and what questions would arise from

doing so and the implications of those questions.

3.6 Discussion: Applying the Hydrosocial to Stormwater Management

Stormwater management in the United States is distinctly a socio-eco-technical issue [1,

9]; however, the current solely hydrology-focused paradigm depoliticizes the management

and governance of stormwater. Within the past decade, there has been substantial pressure

from environmental and social advocates to transition stormwater management towards

more sustainable, resilient, and equitable goals and outcomes [2, 14, 33]. Despite this

pressure, the paradigm shift and evolution has been markedly slow and, in some cases,

non-existent [7, 10, 114]. There is substantial knowledge that social, political, economic,

and historical factors underpin and affect stormwater management; however, they are rarely

incorporated into management and governance, maintaining the status quo of stormwater

management being an apolitical, asocial, and ahistorical process [2, 5, 9–11, 34, 97, 113].

These case studies provide interesting and useful parallel insights for the application

56



of into the hydrosocial cycle framework to stormwater management. For example, in Ari-

zona, the way in which the residents related, viewed, and conceptualized rainwater and

their place on the landscape shifted due to rainwater harvesting. Socially and culturally

rainwater began to be seen as a significant resource in the desert landscape that should be

efficiently harvested and utilized by the residents living there. Similarly, how stormwater

is socially and culturally constructed highly dictates how it is managed across the United

States. By understanding the social and cultural factors influencing how stormwater is

viewed and conceptualized, infrastructure and management plans can be tailored to help

shift the conceptualization or simply work within the bounds of a given conceptualization

[8]. In Tucson, by providing a tangible, intimate relationship between the residents and

rainwater, rainwater was elevated into a socially and culturally important resource. Per-

haps doing the same for stormwater will help shift the narrative away from “stormwater as

a pollutant” and towards “stormwater as a resource.” Undoubtedly, understanding the so-

cial and cultural factors influencing stormwater are important and answering the question

of “what is stormwater?” both socially and culturally is paramount to successful transitions

in management paradigms.

In Pittsburgh, the ability of powerful stakeholders to control the narrative around infras-

tructure choices, particularly for stormwater management, demonstrated the importance of

political and economic drivers. ASCA could utilize their seat of power and influence to

dictate what infrastructure was built, where it was built, and who it was built to benefit.

The power and influence of ASCA arises due to their positioning within the hydrosocial

relations and ability to control the narrative to frame their positions and discount others.

Only through an understanding of these hydrosocial relations could the discursive framing

employed by ASCA be assessed and potentially overcome. This case study draws strong

connections with stormwater management in the United States, especially the political and

economic aspects that are often overlooked. In Pittsburgh, the stormwater management in-
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frastructure choices were controlled through co-option of narratives to keep certain stake-

holders in power and remake the city in the image of their desires. Similarly, stormwater

management across the United States provides a platform for actors to control what infras-

tructure is built for stormwater management, where they are built, who reaps the benefits

of the infrastructure, and who is neglected. Stormwater management in the United States is

highly political and investigates the hydrosocial relations, answering questions like, “where

are stormwater management practices built and why?” will begin to promote a transition

away from the technocratic management paradigm dominating stormwater management

throughout the United States.

Stormwater management provides an excellent platform for the application of the hy-

drosocial cycle framework of analysis to better understand why the paradigm shift in man-

agement has faltered and identify opportunities for progressing stormwater management to

the more desired state towards sustainability, resilience, and equity. Engaging with the hy-

drosocial framework for stormwater management raises some important questions that will

undoubtedly shape the ecological, social, political, and economic outcomes for the future

of stormwater management in the United States. These questions are related to the framing

questions we identified from the literature review and include:

1. Conception and Definition of Stormwater - What is stormwater? Is it a natural

resource or a pollutant? - Stormwater tends to be seen as a nuisance, hazard, or “a problem

to be solved” [13] rather than a natural resource that can be a “remedy to ongoing water

resource challenges and constraints” [27]. How will climate change (increase in droughts,

flash flooding, etc.) affect this? Can stormwater be “re-made” as a natural resource, and if

so, will this reconceptualization begin a new paradigm in stormwater management [8]?

2. Co-construction of Stormwater and Society - How does the legal structure frame

stormwater? - The Clean Water Act has been described as a “liability, not a tool to manage

stormwater – giving cities the responsibility, but not the authority to control stormwater
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from private property” [2]. Can changing the CWA or introducing new legislation shift the

discursive framing of the management of stormwater from a “liability” to an “opportunity”

for cities and communities?

3. Co-construction of Stormwater and Society - Where are stormwater manage-

ment practices built and why? - Stormwater does not occur uniformly across the land-

scape, and it “is rarely a medium of rigid social structures” [55]. As a result, there is

a disconnection between political and hydrologic boundaries for management, including

public versus private land. Is integration of political and hydrologic units possible? Will

shifting the responsibility to “private landowners who generate stormwater by changing

their land features,” [2] provide integration?

4. Management and Livelihood Implications - Who benefits from stormwater

management? - Centralized and decentralized GI stormwater best management practices

as more sustainable, equitable solutions for stormwater management have garnered consid-

erable attention. Are governments utilizing GI, along with neoliberal ideology, to maintain

power and authority over the landscape of urban areas? Can we provide truly sustainable

and equitable solutions for stormwater management?

Each of the questions above arise through an analysis of the hydrosocial relations of

stormwater management in the United States. These questions are primarily social, po-

litical, or economic, obstacles or impediments rather than scientific knowledge gaps or

concerning the physical nature of water (hydrology). Many ecologists understand that “we

already have many of the technologies to address the problem of stormwater runoff” [5];

however, it is an insufficient understanding and accounting for the socio-natural processes

of stormwater that hinder progress. The hydrosocial cycle as an analytical framework pro-

vides the foundation to begin to answer these questions. Each of these questions requires

an in-depth analysis of the internally related processes between stormwater and society that

have shaped stormwater, socially and discursively. The goal of employing the hydrosocial
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as a framework for analysis is to understand how stormwater socially, politically, and histor-

ically and the implication this can have on future management decisions. By understanding

the different stormwater-society relationships that give rise to the different definitions and

conceptions of stormwater, a better understanding of the obstacles and identification of

potential avenues to alter these relations is possible.

For stormwater managers, these questions prompt a re-thinking of the management of

stormwater. If stormwater is a resource, how can stormwater managers provide infrastruc-

ture to best utilize the potential of stormwater for homeowners, industry, government, and

businesses alike? If the goal of stormwater management is resilience and equity, how can

stormwater managers incorporate environmental and social equity into their management

plans to be sure that decisions and implementation of stormwater management practices

are equitable? An adoption of the hydrosocial framework will create stormwater man-

agers who think more critically, holistically, and collaboratively with the communities.

Stormwater management in the United States is strongly dictated by power and authority,

potentially through this framework, inequalities and injustice that tend to dominate envi-

ronmental management can be identified and avoided for stormwater management.

For hydrosocial researchers, stormwater can provide a new avenue to understand more

complex nature-society relationships. For example, stormwater is difficult to manage, as

with other environmental issues, due to the dispersed nature of stormwater across the land-

scape and the difficulty in managing private versus public lands. By understanding the

hydrosocial dynamics that prevent the management of stormwater on private lands, hy-

drosocial researchers can begin to, more broadly, investigate the nature-society relations

that arise due to private land. Additionally, stormwater can be a means for hydrosocial

researchers to investigate how the framing of water in different contexts, alters how it is

managed (i.e., stormwater/rainwater as a hazard, pollutant, nuisance versus as a natural

resource). A hydrosocial framework for stormwater management has significant implica-
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tions for both stormwater managers and hydrosocial researchers and provides a platform

for collaboration between the two.

3.7 Conclusions

Many ecologists and engineers suggest that the technology to achieve more sustain-

able, resilient, and equitable water management in cities is available through stormwater

GI, low-impact development, and best management practices [2, 5]. However, they un-

derstand that implementing these technologies is relatively futile without social, political,

and economic acceptance and support [7, 31, 115, 116]. Hydrosocial research provides

the foundation to increase the successful implementation of stormwater management tech-

nologies and practices within a diverse range of hydrosocial configurations. Natural and

social scientists alike can utilize the hydrosocial cycle, bringing stormwater management

out from behind the technocratic shroud of the hydrologic cycle and past the nature-society

dualistic relationship.

Stormwater provides the basis to understand, more broadly, urban life and inequity

through a hydrosocial framework. For hydrosocial researchers, stormwater is a medium

within water-society relationships that has immense research potential, specifically for im-

proving the resiliency, sustainability, and equity of stormwater management in the United

States. Stormwater provides an excellent platform to see how application of the insights and

implications from research can be utilized for meaningful and relevant changes to stormwa-

ter management outcomes [57]. Stormwater managers often encounter political, social,

and economic obstacles, which are difficult to address when attempting to provide the best

stormwater management outcomes for public and environmental health. The hydrosocial

cycle provides the foundation to place ecohydrological research into a more holistic setting,

promoting reflexivity in research, framing advances in technologies or management within
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the appropriate and necessary social, political, and economic climates.

Stormwater and the management of stormwater is highly cultural, social, and politi-

cal in nature and only through incorporation of these factors into management decision-

making and governance, can a transition towards more sustainable, resilient, and equi-

table stormwater management be reached. It is suggested here that in the short-term,

hydrosocial analyses on stormwater management will be necessary in promoting a more

resilient, sustainable, and equitable stormwater management paradigm. Ultimately, the

hope is that stormwater will become an environmental flow within the hydrosocial cycle

assessed, understood, and managed by engineers, ecologists, hydrologists, political ecolo-

gists, economists, and geographers alike.

62



Chapter 4: Shifting Paradigms in Stormwater Management: Hydrosocial

Relations and Stormwater Hydrocitizenship1

4.1 Introduction

Stormwater management in the United States of America (USA) typifies expert-based,

technocentric governance where decision-making, discourse, and practices are shaped pre-

dominately by scientists, engineers, and policymakers [2, 5, 28, 60]. Arising from this

top-down governance, stormwater has typically been managed using centralized, built in-

frastructure. This infrastructure, referred to as gray infrastructure, is designed to transport,

retain, and treat stormwater through a complex network of pipes, storage tanks, and treat-

ment facilities [4, 13, 14]. This style of management separates individuals from stormwater,

primarily with the aim to protect the environment and public health from the potential ad-

verse effects posed by uncontrolled stormwater runoff. Gray infrastructure remained the

status quo until the early 2000’s, when stormwater flooding and non-point source pollution

concerns returned to the public purview due to climatic changes, increasing urbanization,

and a resurgence in environmental advocacy [2, 5, 11, 34].

1This dissertation chapter is currently in the second round of reviews in the journal, Journal of Envi-
ronmental Policy and Planning. Matthew Wilfong, Michael Paolisso, Debasmita Patra, Mitchell Pavao-
Zuckerman, and Paul Leishnam were co-authors for this journal article. Matthew Wilfong and Michael
Paolisso contributed conceptualization, methodology, investigation, writing, review, and editing of the
manuscript. Debasmita Patra contributed with methodology, investigation, and review and editing the
manuscript. Mitchell Pavao-Zuckerman and Paul Leishnam contributed funding and review and editing of
the manuscript. This research was funded by NSF-CHN/DEB Grant no.1824807 and a USDA NIFA Hatch
project through the Maryland Agricultural Experimentation Station.
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There is currently the beginning of a paradigm shift in how stormwater is managed

across the USA [5, 9, 12, 114, 115, 117]. This paradigm shift is characterized by two key

developments: the implementation of additional decentralized green infrastructure, and the

practice of individuals managing stormwater from their privately-owned property. In con-

trast with centralized, gray infrastructure - green infrastructure is characterized by small-

scale, decentralized practices that mimic natural processes like infiltration and evapotran-

spiration [22–24, 118]. This paradigm shift also focuses on expanding the participation of

individuals into stormwater management and governance [119, 120]. Individuals’ partici-

pation in managing stormwater is a necessity, especially in urbanized areas, where public

land available for stormwater management infrastructure is often minimal [2, 9–11]. Cur-

rently, however, many individuals have little knowledge of where, how, and who manages

stormwater due to the decades of centralized management [5, 11, 14, 26, 28]. As a result, a

reframing of how individuals view their responsibilities and duties to manage stormwater is

required. In this paper, we analyze individuals’ involvement with stormwater management

and governance as stormwater hydrocitizenship [121–124].

Building upon existing hydrocitizenship scholarship, we explore how processes and

mechanisms of governance help to produce specific hydrosocial relationships, specifically

drawing on Foucauldian concepts of biopower, the mechanisms through which governance

shape the lives individuals [121, 124–126]. The overall goal of our paper is to better under-

stand the hydrosocial processes that influence, shape, and control how and why individuals

partake in stormwater management and the shaping of stormwater hydrocitizenship more

generally. We analyze how emerging hydrosocial relationships are influenced by the tech-

niques and processes of stormwater governance that can be characterized by Foucauldian

concepts of biopolitics and discipline, two modalities of biopower used by governments

to influence the behaviors and ideals of individuals [121, 124–126]. We argue that the

modalities of biopower employed by governments shape the hydrosocial relationships with
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stormwater, including the emergence of stormwater hydrocitizenship. The result is tension

and conflict among stakeholders as individuals and communities are limited in their abil-

ity to define their role within stormwater management and governance. We contend that

these conflicts surrounding hydrocitizenship will continue to limit the ability of stormwater

governments to bring individuals into the management of stormwater. We show that the

current shift in stormwater management paradigm remains predicated on top-down gov-

ernance and struggles to provide the needed changes within stormwater governance and

management to cope with climatic changes, increased urbanization, and heightened focus

on environmental health, justice, and equity [1, 2, 5, 11, 28].

We structure this paper by presenting the theoretical framework for this research con-

necting the hydrosocial to power and political dynamics, specifically using the Foucauldian

concepts of biopolitics and discipline. Next, we describe the historical context for stormwa-

ter management focusing on the Mid-Atlantic region, specifically within our study water-

sheds, Watershed 263 in Baltimore, MD and Watts Branch watershed in Prince George’s

County, MD and Washington D.C. We then discuss the research methodology utilized to

investigate the hydrosocial relationships and hydrocitizenship within our study watersheds.

The remainder of the paper describes the emergence of hydrocitizenship within these study

locations, specifically through the hydrosocial and Foucauldian lens. The paper concludes

by providing some actionable recommendations and steps towards re-imaging stormwa-

ter management beyond the technocratic, top-down form of governance and management

firmly in place.
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4.2 Theoretical Frameworks: Hydrosocial and Foucauldian Biopower

4.2.1 Hydrosocial Cycle and Hydrocitizenship

The hydrosocial cycle, as a theoretical framework of analysis, has gained popularity as

a tool to better understand and assess the socio-natural dimension of water management,

especially the role of power relations [54, 55, 88]. Within the hydrosocial framework,

“water” is situated within a continuously adapting cycle shaped by social, physical, and

technological drivers. The hydrosocial cycle emphasizes that water and society are re-

lated internally, each providing meaning and context to each other [55, 86, 88]. Using

the hydrosocial cycle can illuminate previously hidden or obscured water-society relations

that when integrated convey how water’s production, meaning, value, and context is the

product of the co-evolution of water and society [28, 55, 86, 113]. These co-evolutionary

processes between water and society produce distinct hydrosocial relationships and can

highlight how specific power dynamics shape, define, and reinforce these relationships

[55, 108, 109, 127, 128].

Of particular interest in research on hydrosocial relationships is subject formation or

subjectivity. Subjectivity has been described as the way in which individuals reflexively

understanding themselves [113, 121, 126, 129]. Under the hydrosocial cycle framework,

this subjectivity represents a distinct hydrosocial relationship and shaped by political, so-

cial, and cultural factors alongside the ever-present materiality of water. Scholars have be-

gun to study how subjectivities between individuals and water relate to and are influenced

by dominant discourses and institutions, typically imposed by state and local governments

[10, 113, 121, 130]. Recent research has also focused on the ways in which water, technol-

ogy, and citizenship co-evolve producing distinct relationships between citizens and water,

typically resulting in inequities in water access, quality, and health [131, 132]. This sub-
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jectivity between individuals and water and citizenship arising from water infrastructure

has also been described as hydrocitizenship. Branching from environmental citizenship,

hydrocitizenship is the rights, duties, responsibilities of individuals within water manage-

ment and governance [121–124]. Hydrocitizenship describes the way in which citizens

subjectively envision or position themselves within the water management and governance

structures and represents a newly identified hydrosocial relationship [55, 86, 90, 121, 124,

133, 134].

Most of the research on hydrocitizenship has not investigated the drivers (sociopolit-

ical, socioeconomic, and sociotechnical) that influence the “rights, duties, practices and

identities” of hydrocitizenship [135]. Under the predominantly Western epistemology of

technocratic, top-down forms of water governance, hydrocitizenship is typically shaped

through techniques of governance that individuals [121–124]. As a result, hydrocitizens

actively engage within water management and governance; however, this participation is

based upon the pre-existing structures and existing power relationships. The use of the Fou-

cauldian concept of biopower can help to assess and understand the mechanisms through

which governments influence hydrocitizenship [125, 126].

4.2.2 Foucauldian Biopower and Hydrocitizenship

Building and refining upon his work on governmentality, which is the ability of those

in power to govern the conduct of subjects, Foucault introduced the concept of biopower

[125, 126]. Alongside the generalized and abstracted force of biopower, he introduced two

distinct modalities of governmentality: biopolitics and discipline [121, 124–126]. Biopoli-

tics can be defined as the power consisting of practices and techniques that govern and reg-

ulate behavior at the population-scale [121, 124–126]. In contrast, discipline is the mode

of governmentality where governments seek to produce behaviors and practices by individ-
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uals through influencing the ways in which they relate to and view the world [121, 124–

126]. Biopolitical governmentality aims to separate management from social variables and

reduce the complexity of the system to quantifiable values and statistics. Alternatively, dis-

ciplinary governmentality seeks to reintroduce those same social variables into the system

but controlling the range of possibilities and extent as to which those social variables man-

ifest themselves. In combination, biopolitics is “impersonal and totalizing” and discipline

is “intimate and individualizing” [124]. These two forms of governmentality operate in

tandem to constitute biopower.

Within environments characterized by expert-based, top-down governance and manage-

ment, hydrocitizenship is arguably shaped, in part, by the governmentalities of biopolitics

and discipline practices [86, 90, 124, 129]. For example, drought management and plan-

ning in England relies on complex, quantitative risk-based computer models [124]. This

biopolitical governmentality coincides with disciplinary practices where authorities install

water usage monitors on households throughout the region to encourage citizens and water

users to be more cognizant of their water use, especially during times of drought [124].

In combination, the biopolitical governmentality works to create a system through which

drought management is a quantifiable, modellable system while the disciplinary govern-

mentality shapes the ways in which individuals understand, relate to, and behave within the

predefined system [121, 124–126, 129]. These two modes of governmentality represent a

portion of the hydrosocial cycle through which distinct relationships are being produced

and controlled, typically benefiting those governments in power [32, 88]. As a result, hy-

drocitizenship can be understood through a hydrosocial lens where Foucauldian ideas of

biopower, biopolitics, and discipline play integral roles in defining hydrocitizenship. Using

these theoretical approaches, we assess the hydrosocial relationships within the shifting

stormwater management paradigm and the emergence of stormwater hydrocitizenship.
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4.3 Framing Stormwater Management and Governance in the Mid-Atlantic

4.3.1 Historical Approach to Stormwater Management and Government

In the United States, stormwater management and governance are regulated through

the Clean Water Act (CWA) and the subsequent amendments (301 and 402), which place

the legal requirements on state and local governments to control and treat stormwater prior

to release into waterways [4]. As a result, state and local governments, through the Na-

tional Pollutant Discharge Elimination System (NPDES) program, issue Municipal Sepa-

rate Storm Sewer System (MS4) permits, and total maximum daily loads (TMDLs) permits

at the county-level that dictate the amount of pollution that each county can export into sur-

rounding waterways. MS4 permits and TMDLs place numerical limits on the amount of

pollution allowed to be released, typically nitrogen, phosphorus, and total suspended sed-

iments, from a given county or municipality [46]. These values are determined through

quantitative modeling and stormwater management infrastructures are assessed on their

performance using similar modeling approaches. This legal structuring of stormwater man-

agement promotes the use of quantifiable monitoring and statistical models to enact and

enforce stormwater regulations. This permitting scheme requires stormwater infrastructure

to provide quantifiable, modellable management that is reliable and consistent [4, 9].

As a result, state and local governments typically employ gray infrastructure, character-

ized by technocentric, centralized conveyance systems that temporarily detain or slow the

flow of stormwater prior to treatment at large-scale treatment plants, to manage stormwa-

ter from urban areas These systems are typically complex networks of underground pipes

and storage tanks that transport stormwater to treatment plants or into larger bodies of water

and have mostly proven effective in managing stormwater. Additionally, gray infrastructure

systems can be readily modeled and calculated, a necessity to fulfill legal requirements out-
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lined within the NPDES [4, 15]. Overall, this management paradigm has greatly improved

stormwater management throughout the United States, reducing the hazardous impacts of

stormwater flooding and pollution in cities compared to pre-CWA management [4, 16].

Despite these improvements, centralized gray infrastructure struggles to cope with in-

creasing urbanization and climatic changes occurring throughout cities across the USA.

These infrastructural systems were built under scenarios and criteria that are frequently

surpassed due to higher proportions of impervious surfaces and more intense precipita-

tion dynamics. As a result, stormwater flooding is increasingly becoming a public health

and safety concern in cities along with stormwater pollution concerns in surrounding wa-

terways. Stemming from these concerns, there has been a substantial shift, within the past

two decades, towards more decentralized, green infrastructure for stormwater management.

4.3.2 Shifting Paradigm: Towards Decentralized, Green Infrastructure

Beginning in the early 2000’s, many states began implementing stricter stormwater

management regulations in response to consent decrees by the EPA because of violations of

the CWA and NPDES programs. These consent decrees act as an agreement between state

and local governments and the EPA to begin actions towards improving stormwater treat-

ment, rather than paying the costly fines associated with violating the CWA and NPDES

program. In addition, climatic change, increased urbanization, and heightened environmen-

tal advocacy prompted increased and more stringent stormwater regulations [4, 15]. Both

Maryland and the District of Columbia (D.C.), passed enhanced stormwater management

acts in 2007 and 2013, respectively [4]. These new regulations require the management

of stormwater on-site through more decentralized, green infrastructure, specifically from

new development. Previously developed areas were not required to adhere to these new,

stricter regulations and typically continued to rely on centralized, gray infrastructure to
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manage stormwater [3, 23, 48, 61]. The passing of these more stringent regulations marks

the beginning of a shift in the stormwater management paradigm across the region.

In most urbanized watersheds, including Watershed 263 and Watts Branch, public

spaces and new development are a small portion of the total area producing stormwater

[2, 5, 11, 13, 14]. As a result, the enhanced stormwater management regulations are insuf-

ficient to create noticeable changes in how and where stormwater is managed in highly ur-

banized watersheds. The majority of stormwater emanates from privately-owned property

where governments do not have the authority to implement stormwater best management

practices (BMPs), due to the legal framework of the CWA and state stormwater regula-

tions [2, 5, 11, 14, 61, 114]. This issue, coined the “private vs. public dilemma”, pre-

vents governments from directly regulating stormwater emanating from private property

and places the responsibility to manage this stormwater onto state and local governments,

rather than the landowner (unless new development occurs on the privately-owned land)

[2, 5, 11, 14, 61, 114]. This dilemma, coupled with the need to improve the quantity and

quality of stormwater being managed, has pushed governments to begin fee and rebate

systems and coupled outreach programs to influence private landowners to partake in the

management of stormwater on their own properties [43, 44, 52, 53].

In 2012, there were almost 1,400 jurisdictions where a stormwater utility fee was in

place across 39 states, including Maryland and D.C. [35, 36]. Initially in Maryland, this

stormwater fee was enacted through the passing of a House Bill (HB 987) in 2012. HB987

required the ten most populous jurisdictions in the state to enact a stormwater utility fee to

help fund stormwater management infrastructure improvements. In Maryland, HB987 was

overturned in 2015, but despite this many municipalities continue to charge and collect a

stormwater utility fee from residents, as a part of their overall water bill. The purpose of this

fee is two-fold: provide a source of revenue for municipalities solely for the construction

and maintenance of publicly owned stormwater infrastructure and to incentivize individuals
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to manage their stormwater from their property through the adoption of BMPs.

The stormwater utility fee is typically calculated based on the total impervious surfaces

(typically roofs, driveways, patios) on a given property. In Baltimore, there is a sliding

pay-scale for single family properties ranging from $3-10 per month depending on the total

impervious surfaces on the property [37, 38]. In Washington D.C, all property owners pay

$2.67 per month per ERU which is 1,000 square feet of impervious surface (Stormwater

Fee Background, 2021; Stormwater Management, 2020; Water Supply and Demand Study

Executive Summary, 2012). Overall, a typical individual homeowner in both Washington

D.C and Baltimore pays between $2-10 per month towards the stormwater utility fee [37,

38].

Alongside of the stormwater utility fee, municipalities introduced a rebate system to

provide credits against homeowners’ stormwater utility fee if they adopt BMPs on their

properties. The rebate system allows individuals to decrease their monthly fee by installing

stormwater BMPs on their properties (like rain barrels, rain gardens, and bioretention cells)

based upon their size. Importantly though, very few programs provide any financial sup-

port towards the implementation of these BMPs, so the adoption, construction, and future

maintenance of these BMPs falls upon the homeowner. Additionally, individual property

owners can only adopt and receive the rebate on BMPs that are approved by a given mu-

nicipality and must be inspected by a governmental official prior to acceptance. Despite

these stipulations, the rebate system provides a financial incentive for property owners to

manage the stormwater emanating from their property. While this does not give the govern-

ment authority to manage stormwater from private property, it does begin to circumvent the

“private vs. public” dilemma by increasing stormwater management on private properties.
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4.4 Methodology: Study Watersheds and Semi-Structured Interviews

For stormwater governance and management, reshaping hydrocitizenship is a primary

goal of governments and highlighted by scholars as a necessity towards the decentraliza-

tion of stormwater management [2, 5, 11]. A major question and challenge facing state and

local governments is how to motivate individuals to partake in stormwater management.

Many scholars have and are currently researching the effectiveness of government-led out-

reach and education programs to recruit individuals to manage stormwater [43, 44, 51, 53].

Importantly though, stormwater hydrocitizenship is shaped by specific political, social,

and cultural factors that produce distinct hydrosocial relationships. These hydrosocial re-

lationships arise due to the internal relationship between water and society and must be

understood through a holistic and critical assessment of the power dynamics shaping these

relationships. Despite this, there is little research on the underlying hydrosocial relations

that are embedded within and driving the shifting stormwater paradigm and the resulting

production of stormwater hydrocitizens. Drawing upon historical research, policy doc-

ument reviews, and semi-structured interviews, we attempt to delineate the influence of

biopower within the stormwater hydrosocial cycle. We focus particularly on the reliance

on quantitative, technocratic management (biopolitics) and emergence of hydrocitizenship

resulting from fee-rebate systems and educational outreach programs (discipline).

4.4.1 Study Watersheds

Our research focused on two Mid-Atlantic urban watersheds: Watts Branch watershed

and Watershed 263 (Figure 4.1). Watershed 263 resides within Baltimore City, Maryland

and Watts Branch watershed straddles between Prince George’s County, Maryland and

Washington, District of Columbia (DC) [44]. These two watersheds were chosen through

community-based participatory planning alongside local nonprofit organizations, govern-
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ment organizations, and University of Maryland Extension (UME). These study watersheds

are also the sites for broader, collaborative Coupled Human and Natural Systems research

project focused on the role of community engagement within stormwater management and

the broader realm of ecological restoration, community development, and environmental

equity within urban landscapes. Watts Branch watershed and Watershed 263 differ in socio-

economic and physical characteristics, but both contain predominantly African American

populations (Table 4.1) [44]. Watershed 263 is significantly more urbanized compared to

Watts Branch watershed as measured by higher population density and impervious surface

coverage. Additionally, Watershed 263 has lower median household incomes, education

attainment, and a higher proportion of vacancy parcels as compared to Watts Branch.

Figure 4.1: Map depicting the geographical location of each of the two study watersheds. Watershed
263 located on the southeastern side of Baltimore City and Watts Branch watershed located on the
northeastern side of Washington D.C, straddling Washington D.C and Prince George’s County in
Maryland. The red line outlines the watershed boundaries for each watershed [44].

Both Watershed 263 and Watts Branch watershed primarily utilize centralized, gray

infrastructural systems to manage stormwater by conveying and transporting stormwater

to wastewater treatment plants using complex systems of underground pipes and storage
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[4, 9]. Watershed 263 has a separated sewer system, meaning that household wastewater

and stormwater pipes are separated from one another, while Watts Branch watershed uses

a combined system where stormwater and wastewater are transported together in the same

pipes. In both watersheds, these centralized systems are frequently being overwhelmed

during storm events due to a host of synergistic factors including increasing urbanization

and more frequent high intensity storms. As a result, incidences of flooding, stormwater

pollution, and combined sewer overflows (when combined sewer systems overflow during

a storm event leaking raw sewage into nearby waterways prior to treatment) have increased

significantly over the past decade in these watersheds and other urbanized areas throughout

the Mid-Atlantic.

Table 4.1: Physical and socio-economic characteristics of Watershed 263, Baltimore, Maryland and
Watts Branch, Prince George’s County, Maryland and Washington, District of Columbia (Source:
www.census.gov; 5-year estimated, 2014-18) [44].

Watershed 263 Watts Branch
Environmental Characteristics
Size (mi2) 1.78 4.02
Percent residential land use 92.10% 64.65%
Percent impervious surface 65% 33%
Stormwater and sewer system Separated Combined
Social Characteristics
Population density (mi2) 10,843 7,669
Percent 10-yr population change -7.17% 14.04%
Percent population African American ethnicity 73.85% 90.44%
Median household Income $27,181 $46,260
Percent of residents with a college Degree or higher 12.79% 14.51%
Percent of vacant lots 36.95% 10.61%

As a result of the added stress on these centralized, gray infrastructural stormwater man-

agement systems, there has recently been an increase within these watersheds towards im-

plementing additional decentralized, green infrastructure and heighted outreach efforts by

governmental groups and Non-Government Organizations (NGOs) to educate, empower,
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and recruit residents and communities into stormwater management efforts [43, 44, 51, 53].

These watersheds are currently undergoing a shift towards decentralizing stormwater man-

agement and governance providing an excellent platform to explore the evolving hydroso-

cial relationships and emerging stormwater hydrocitizenship.

4.4.2 Research Methodology

A Community Advisory Board consisting of residents and stormwater professionals

from local nonprofit organizations, government organizations, and University of Maryland

Extension was formed [44]. The purpose of this Community Advisory Board was to un-

derstand stakeholder’s perspectives about stormwater management before and during the

project. Purposive sampling methodology was used to recruit stormwater 22 professionals,

including government officials, university researchers, stormwater experts with nonprofit

organizations, funding agency officials, policy makers, and environmental activists, and

20 household residents for interviews (42 total), split evenly across each study watershed

[44]. Semi-structured interviews were conducted by Debasmita Patra between March and

November 2019 and lasted between 45 and 90 minutes each.

These interviews employed questions to understand the conceptualizations surrounding

stormwater and stormwater management of stakeholders from these watersheds. The open-

ended questions that were asked of each respondent throughout the interviews are in Table

4.2. Otter.ai was used to transcribe each coded interview and all identifying information

was removed to maintain confidentiality (Version 2.1.6; [136]). In this article, we use the

term stakeholder to denote stormwater professionals and residents alike, as all are actively

invested and concerned with stormwater management.

This research focused on hydrosocial processes in this paper began after the interviews

were completed and transcripts were made available for additional analysis. Following
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IRB approval (University of Maryland Institutional Review Board - 1709048-2), content

analysis of each transcript was conducted in MAXQDA (VERBI Software, 2021) using

coding techniques to extract overarching themes and conceptualizations of stormwater de-

scribed by each interviewee [137–139]. For the content analysis, each of the 42 interview

transcripts was read thoroughly and statements were coded into a total of seven themes

which were deemed pertinent to hydrosocial and Foucauldian theoretical perspectives: (i)

Motivation for Managing Stormwater, (ii) Definition of Stormwater Management, (iii) Re-

sponsibility to Manage Stormwater, (iv) Stormwater Management Practices, (v) Opportu-

nities for Stormwater Management, (vi) Obstacle for Stormwater Management, and (vii)

Personal Management of Stormwater. The codebook and description of each code can be

found in Appendix C.1. After sorting, each theme yielded anywhere from 13 - 300 coded

segments. These seven themes were chosen as they focused on topics which were fre-

quently discussed across respondents and provide avenues to explore the various hydroso-

cial relationships between stakeholders and stormwater and instances where biopolitical

and disciplinary governmentalities arise through the discourse.

Table 4.2: Open-ended Questions asked during the Semi-structured Interviews

1. How has the residential stormwater been managed in your area?
2. Who or what entity is responsible for managing stormwater in your area?
3. How do you manage stormwater on your own property?
4. What is the best way to manage residential stormwater?
5. Do you see any barriers to stormwater management?
6. What is the future of stormwater management?

From above content analysis, coded segments were further sorted to highlight specific

hydrosocial relationships, the processes driving these relationships, and the implications of

these relationships. These 8 sub-themes included: (i) Equity, (ii) Biopolitical Policy, (iii)

Tax and Rebate, (iv) Disconnect from Stormwater, (v) Educational Outreach, (vi) Disci-

pline, (vii) Responsibility, (viii) Motivation. This added layer of sorting allowed for a more
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pointed analysis of prominent hydrosocial relationships and the processes shaping them.

Through this methodology, we set out to identify the hydrosocial relationships underpin-

ning and forming within the ongoing paradigm shift in stormwater management.

4.5 Results: Stakeholder Perspectives, Knowledge, and Concerns about

Stormwater Management

Throughout the interviews, stakeholders discussed how stormwater has been tradition-

ally and currently managed in these watersheds. Both stormwater professionals and resi-

dents described the technocratic, top-down style dominating stormwater management and

the ongoing decentralization through targeted governmental programs. These perspectives

and knowledge highlight the current hydrosocial setting and the underlying power and po-

litical dynamics driving the shifting paradigm in stormwater management. The following

sections will present the perspectives of these stakeholders on the technocratic, top-down

style of stormwater management within their watersheds with particular interest on the role

of governments.

4.5.1 Technocratic, Top-Down Stormwater Management

Throughout both study watersheds, local and state government actions towards man-

aging stormwater revolve around meeting regulatory requirements outlined by the CWA,

MS4 permitting, and TMDLs limits. Many of the stakeholders interviewed understood

current stormwater management as using a top-down approach focused on meeting quanti-

tative regulatory goals. One stormwater professional who works with NGOs to implement

stormwater BMPs in Watershed 263 and one watershed restoration professional from Watts

Branch Watershed described the dominance of MS4 permits and credits in stormwater man-

agement decision-making:
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“It’s very much a top-down sort of decision making and some of that is driven by the fact

that Baltimore City, like many cities, has an MS4 permit that they have to meet the

requirements for. And so, they’re looking for where they can get the most credit. I think

that we could potentially start managing more of our water upstream... instead of just

taking the ‘Oh there’s a stream restoration we can get X number of credits will just throw

the money at it’. You know that that seems like a very top-down approach, and I don’t

think it’s good for the city in the long term.”

“Quite frankly, I think that the driver for stormwater management, [is] compliance with

permits, [with] MS4 permit in particular.”

Stakeholders repeatedly discussed how this top-down approach focuses solely on reach-

ing permit requirements, creating a technocratic atmosphere that is difficult to understand

and interact with. It was clear from most interviews that the technical knowledge and re-

quirements needed by individuals to understand and participate in stormwater management

were a substantial hurdle for residents’ engagement with the process. For example, two

residents reported:

“The first time I ever heard TMDL, I had no clue what it was. I was reading about it, you

know, and I had no clue until I finally met someone and asked them what the hell is. . . ”

“I think that stormwater management seems complicated to folks sometimes because I

remember the first time I heard of an impervious surface, I’m like oh my goodness, what

does that mean?”

As a result of this technocratic knowledge barrier, many residents and stormwater pro-

fessionals discussed how most of the public had little-to-no knowledge of stormwater and

its management. For example, three residents described how many individuals are mostly

unaware of stormwater and stormwater management:
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“I know that most people don’t even know what stormwater is.”

“And so, I think most people don’t think about it.”

“Well, people don’t know what a big problem it is. They don’t know what they can do

about it.”

The above quotes suggest that most interviewees are either: 1) disengaged with stormwa-

ter management, or 2) primarily learning about stormwater management through the tech-

nocratic language and approach utilized by state and local governments. The latter process

contributes to the emergence of a stormwater hydrocitizenship.

4.5.2 Decentralization and Emerging Stormwater Hydrocitizenship

Despite these technocratic barriers, as one outreach coordinator from the Watts Branch

watershed expertly described, local governments need individual and community involve-

ment:

“All of the jurisdictions are reaching out to private property owners because they have to.

There is not enough public property in any of these jurisdictions. If they managed every

drop of the storm water coming off their public property, they would still be short of what

they are required to do for their MS4 permits. So, from that point of view, they just they

have to reach out”

Respondents discussed how the “reaching out” by local jurisdictions has resulted in

a shift in perception of who is responsible for managing stormwater. For example, one

program coordinator at a prominent NGO focused on outreach, education, and community

engagement from Watts Branch watershed argued for shared responsibilities and duties:
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“So, whoever is responsible for the maintenance of that property, I think is responsible for

the stormwater management associated with it. In terms of residential stormwater

management, I think that some of the responsibility does lie on the homeowner. But I think

that it is the responsibility of whatever the governing body is, whether it’s municipality,

county, whatever, to educate and provide solutions.”

Some residents believed that managing stormwater was a universal responsibility. One

resident from Watts Branch watershed echoed this sentiment in stating:

“And so, it’s everybody’s responsibility. When people have properties like that, they need

to understand that they’re responsible. . . all the water is running off, and it’s not hurting

you, but it’s hurting everybody else, and you have a responsibility. Everybody’s yard,

everybody’s property should be viewed as a sub watershed”

Evidence of the emergence of stormwater hydrocitizenship can be seen in the above

quotations, as stakeholders discussed the shared responsibility among individuals, commu-

nities, and governments to manage stormwater. While this perceived responsibility was not

shared among all respondents, this general shift towards universal responsibility to manage

stormwater marks a significant starting point for stormwater hydrocitizenship.

The shifting responsibility for stormwater management is further reinforced by fee-

rebate systems and educational outreach programs organized by state and local govern-

ments and partnered NGOs. One resident from Watts Branch watershed, one governmental

official from Watershed 263, and one outreach specialist at a prominent NGO from Water-

shed 263, each discussed the roles that these governmental and NGO-partnered educational

outreach programs play in establishing stormwater management practices on private lands:

“I think the local government is trying to implement programs...to help homeowners

implement practices because they know that as a local government, you’re not going to be

able to meet your water quality goals without residential practices.”
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“I think what we’re thinking, and I think this is part of that community outreach is that

we’re promoting what we’re trying to understand from residents like what are those simple

actions that they could be taking that help improve water quality and understand the

relevance that those have to what we’re trying to do with this particular facility”

“Somewhere around that time, [a local NGO] implemented a project, working at the

residential scale, trying to get residents involved with installing stormwater best

management practices on their property.”

Additionally, two Watershed 263 residents and one grant specialist from a large NGO

within Watts Branch watershed, respectively, discussed how the fee-rebate system uses

financial incentives to recruit individuals:

“Basically, there’s a stormwater fee, and there’s a program that exists to basically refund

some of that stormwater fee back to residents for being involved in certain projects.”

“So, for example, that [rebate] program, that they set up to reimburse people for taking

stormwater management into their own hands.”

“[A local municipality] has a [rebate] program which is kind of like seven small practices

that homeowners and business owners can install on their property...and then they install

the practice per the guidelines, and they get a rebate, an offset of the cost, which is great.”

Residents and outreach professionals discussed the specific purpose of these programs

to involve individuals in managing stormwater on their own properties. As a result, most

residents talked about stormwater management based on the knowledge they gained either

through outreach programs or from engaging with the fee-rebate system. Arising from this

predominantly technocratic but progressively decentralizing paradigm of stormwater man-

agement comes a host of conflicts, tension, and inequity in who, how, and where stormwater

is managed.
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4.5.3 Stormwater Conflicts, Tension, and Inequity

Throughout the interviews, it became apparent that within the shifting stormwater man-

agement paradigm, there was significant tension, conflict, and inequity among stakeholders

and state and local governments. These conflicts were mainly centered around the quanti-

tative approach to stormwater management, the implementation of the fee-rebate system,

and the overall recruitment of individuals to manage stormwater.

Quantitative Management and Outcomes

Throughout the interviews, it was evident that the continued technocratic, quantitative

outcomes from stormwater management created tension and conflicts among local gov-

ernments, communities, and individuals. As one resident from Watts Branch watershed

stated:

“We’re just trying to solve the problem of how we get to the right MS4 number, as opposed

to how do we create a healthy ecosystem in our space.”

Another Watts Branch resident voiced similar concerns, describing how the quantitative

endpoints and outcomes of stormwater management do not appear to benefit individuals

and communities:

“I think in this case though it has really backfired, sort of really sours people on the whole

idea of mitigating stormwater. If one of your policy goals is to better manage stormwater

and better make your community resilient to flooding - this [prioritizing quantitative

indicators] is a really bad way to do it because it deters people from even engaging in the

process because they think oh well it doesn’t help me any.”
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Rather than creating healthy ecosystems or livable communities, stormwater manage-

ment remains primarily concerned with adhering and meeting quantitative regulatory end-

points. Many residents discussed this underlying theme throughout their interviews and

repeatedly voiced their frustration with the management choices of state and local gov-

ernments towards stormwater. One resident from Watershed 263 exemplified this when

discussing the lack of benefits residents receive from stormwater management:

“We don’t see the benefits of [stormwater management] coming back to the residents of

Maryland. Like you take my money [through stormwater utility fees] but you’re not street

sweeping for me, you’re not taking care of [and protecting] properties.”

Importantly, residents frequently discussed their vision and goals for how stormwater

should be managed in their communities within the broader context of improving their

livelihoods and health of the community - in stark contrast with the technocratic, regulatory

driven goals of state and local governments.

Fee-Rebate System Implementation

The fee-rebate system was the crux of many discussions and irritations for stakeholders

within the study watersheds. One urban ecologist from Watershed 263 described the pro-

cess through which rain gardens could be implemented on residential properties to receive

the rebate:

“They have a rain garden program where they’ll come out to your home, and they’ll look

at how much impervious cover you have. And they will say, “Okay, this is how much rain

garden you need and square feet,” and show you some plans that are pre-done with all the

plants and everything.”

A government official from Watts Branch watershed described a similar process:
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“So they can either go through the [governmental agency] and sign up online to

participate in [rebate program], and that’s when they do their formal audit with a [rebate

program] representative, they go to the homeowner’s house, they walk the property with

them, talk to them about what practices are suitable for their property, and then the

auditor comes back, writes down their report, and then sends the name of the homeowner.”

Stakeholders viewed the fixed and narrow options available to participate in the rebate

programs as frustrating constraints. Additionally, other respondents during the interviews

discussed how ineffective and arduous the rebate system was due to institutional and tech-

nical barriers. Two Watershed 263 residents described how the rebate system was difficult

to interact with and utilize:

“It’s onerous and difficult, and frankly, I’ve given up on even trying it, but I just pay the

fee because the difficulty, the prior consent, and the documentation the city requires to go

through the process is just too difficult to make it work.”

“I think the discount we would get on our bill would be a couple of dollars or something.

So, we don’t pay much, we pay like $5 a month. And so, it might save us $20 a year if we

went through the paperwork, but it just hasn’t been high on our to do list. Yeah, the

permitting and the paperwork, which is why I haven’t registered mine, is very difficult.”

The fee-rebate system was designed to financially reward individuals who partake in

the management of stormwater on their property; however, due to technical and institu-

tional obstacles, many individuals feel overburdened by the process and either just pay the

stormwater utility fee or implement stormwater BMPs and never apply for the rebate. This

issue created significant tension as residents repeatedly cited the rebate system as ineffec-

tive, unduly burdensome, and did not provide sufficient rebates to offset the time, labor,

and materials needed to implement certain BMPs.
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Defining the Role of Stormwater Hydrocitizens

A clear theme that emerged from the interviews was the role of individuals within

stormwater governance and management as a source of significant contention despite the

efforts by local governments to promote their involvement. While many interviewees dis-

cussed the responsibility of individuals within stormwater management, some suggested

that the government was still solely responsible, including one biologist who had worked

with multiple NGOs within Watershed 263 and one Watts Branch watershed resident, re-

spectively:

“The public agencies. I mean we pay taxes first of all, and they have their MS4 to meet,

and they are counting the stormwater practices towards their MS4 to meet their permit

requirements and so they are responsible for it. It’s not the residents’ responsibility.”

“So, the thing about it is, the government has made the issue...I would say that the

government’s responsible.”

These differences in perceived responsibility highlight the conflict and tension within

stormwater management and defining the role of stormwater hydrocitizens more generally.

While governments are attempting to recruit and enlist individuals to manage stormwater,

there are still uncertainties among residents about their perceived responsibilities.

Another frequent theme throughout the interviews among residents was concern about

how these new duties and responsibilities would manifest within their everyday lives. One

resident from Watts Branch watershed highlighted potential issues of these new responsi-

bilities towards managing their environment, like stormwater:

“When you live in communities that are traumatized by poverty and violence and crime...

we’re generally always fearful...What do they want from me? And we don’t have anything
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else to give. We’re overwhelmed, we’re stressed out. And the environment. Why should I

clean the environment? My house isn’t clean.”

Individuals are concerned that they are being tasked with increased responsibility to-

wards safeguarding the well-being of their home, communities, and surrounding environ-

ment - responsibilities that some suggest remaining with the state and local governments.

Stormwater hydrocitizenship while being actively promoted is still being met with consid-

erable pushbacks and concerns.

4.6 Discussion: Stormwater Hydrosocial Relations and Foucauldian Biopower

The shifting paradigm and emergence of stormwater hydrocitizenship can be observed

within these two urban watersheds. These changes are accompanied by and embedded

within distinct power and political dynamics. The following discussion aims to assess how

these dynamics produce and shape specific hydrosocial relationships, especially stormwa-

ter hydrocitizenship. We particularly focus on the role of governments and their use of

biopolitical and disciplinary governmentalities within the evolving stormwater manage-

ment paradigm.

4.6.1 Biopolitics of Technocratic Management

Stormwater is incredibly heterogeneous across the landscape and rarely aligns with po-

litical and social boundaries. Using MS4 permits and TMDLs, governments attempt to

reduce this complexity using quantitative endpoints. This reliance on quantitative model-

ing for stormwater management produces a process through which planning, and decision-

making must be done with MS4 and TMDL requirements at the forefront. As a result, ex-

tensive knowledge of urban planning, hydrology, engineering, water chemistry, and stormwa-

ter regulations is required to participate in stormwater governance and management. The
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implications of this are two-fold: solidifying the position of “experts” within management

and decision-making and producing a knowledge barrier for individuals and communities

to participate in the process. Using a quantitative approach to management, stormwater

governments can greatly reduce the complexity of the system all while controlling how

stormwater management is understood and perceived by using technocratic language.

Through these approaches and style of management, stormwater governments can par-

tially shape the hydrosocial relationships between individuals and stormwater. This was

shown throughout the interviews as residents with intimate knowledge of stormwater dis-

cussed management using technocratic, regulatory languages that they had adopted through

interactions with state and local governments and NGOs. Most residents also acknowl-

edged that many individuals had little to no knowledge of stormwater management, due to

a combination of hidden gray infrastructure that sequesters, stores, and transports stormwa-

ter underground or out of sight and technocratic language that stifles the involvement of

many individuals. From this technocratic dominance, two distinct hydrosocial relationships

arise between individuals and stormwater - one where individuals are completely removed

from stormwater management and another where individuals relate to and participate in

stormwater management through the technocratic lens of the expert-led governments in

power. The expert-based, gray infrastructure-dominated paradigm in stormwater gover-

nance empirically illustrates Foucauldian biopolitical techniques explaining how state and

local governments maintain control and power over management and decision-making

Furthermore, this technocratic approach continues to partially dictate how, where, and

why stormwater is managed. Within the shifting decentralized, green infrastructure paradigm

remains the continued focus on quantitative, modeling endpoints of management to align

and reach the ever-increasing MS4 and TMDL permitting requirements. This biopolitics

structuring continues to prefer a more scientific, engineering approach to stormwater man-

agement and reifies the power of technocratic forms of governance. In our two study wa-
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tersheds, residents placed their goals of managing stormwater more within the broader

realm of producing livable, healthy, resilient communities, prompting significant frustra-

tions with how stormwater is currently being managed. We are not suggesting that meeting

MS4 and TMDL permits to improve downstream water quality is not an important goal of

stormwater management, but instead highlighting that these endpoints do not always align

with the needs of individuals and communities. Individuals and communities are aiming

to promote stormwater management that includes benefits outside of flood, public safety,

and environmental health protection towards outcomes that directly benefit their everyday

livelihoods. As a result, progress with the shifting stormwater management paradigm will

remain heavily debated, as residents and communities perceive disconnected from any po-

tential progress towards meeting regulatory requirements.

4.6.2 Disciplining Stormwater Hydrocitizens

It was evident from the interviews that all stakeholders understood that governments,

without the recruitment of private property owners, would “still be short of what they are

required to do” to meet increasingly strict MS4 and TMDL permits. There was widespread

agreement that the necessity to overcome this “private vs. public” dilemma has increased

efforts to involve individuals in managing stormwater with the subsequent shaping of

stormwater hydrocitizenship. This emergence of stormwater hydrocitizenship, including

the new responsibilities, duties, and practices placed upon individuals towards managing

stormwater, are still currently being actively contested. Residents cited how these added re-

sponsibilities should not fall upon them, how their involvement provided little to no benefit

to them, and how the systems in place promoting their involvement can produce inequity.

Within this shifting decentralized stormwater paradigm, we argue that stormwater hy-

drocitizenship is being actively promoted by and through specific governmental actions
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and programs. We propose that the fee-rebate system and accompanying outreach pro-

grams are designed by stormwater governments to promote the internalization of knowl-

edge and goals of stormwater management by individuals. Residents discussed how the fee-

rebate system and outreach programs shaped their knowledge of and involvement within

stormwater management. From a Foucauldian perspective, these techniques represent dis-

ciplinary processes where state and local governments attempt to align the knowledge,

beliefs, and actions of individuals towards stormwater with their own [121, 124–126, 129].

These programs promote a distinct hydrosocial relationship where individuals are internal-

izing the knowledge, goals, and outcomes of stormwater governments while participating

in stormwater management on their own property.

As these governmental practices shape stormwater hydrocitizenship, they also signif-

icantly limit how individuals can be involved within stormwater management. Through-

out the interviews, residents who are actively engaging with stormwater management and

adopting stormwater hydrocitizenship voiced their frustration with implementation of the

fee-rebate system and outreach programs that are in place to facilitate their involvement.

One issue was how the fee-rebate system promotes inequality as those with the inability to

pay the stormwater utility fee and wish to implement stormwater BMPs to receive the re-

bate are often met with substantial time, institutional, financial, and technical barriers that

prevent them from doing so. In contrast, those that can pay have the luxury of implementing

stormwater BMPs on their property, receive the auxiliary benefits of doing so, and possi-

bly not register for the rebate because the process is too “difficult”. This produces uneven

benefits throughout cities as higher income communities can implement more stormwa-

ter BMPs on their properties, benefitting from the increased stormwater management and

auxiliary ecosystem services. On the other side, lower-income communities are left to pay

the stormwater utility fee and rely on governmental interventions and infrastructures to be

built in their neighborhoods to protect against stormwater. Coupled within this uneven dy-
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namic is the added unevenness in how local and state governments implement stormwater

BMPs, using revenue from the stormwater utility fee within cities, preferentially choosing

higher-income neighborhoods for new and retrofitting projects [140–143].

In addition to the equity issues, a major theme throughout the interviews were the tech-

nical and institutional constraints created by the guidelines and bureaucracy of local gov-

ernment regulations towards interacting with the rebate system. The fee-rebate system

is designed to financially encourage stormwater management from private property, but

only using techniques and infrastructure approved by local governments. We acknowledge

that state and local governments have more specialized knowledge about how to manage

stormwater compared to the average landowner but want to highlight how the rebate sys-

tem preferentially rewards certain BMPs over others - indirectly shaping the behavior of

individuals. Tensions arise here as individuals are constrained in their options for engag-

ing with and managing stormwater by the guidelines and bureaucracy of local government

regulations. These constraints significantly limit how stormwater hydrocitizens can be in-

volved within stormwater management and dictate what benefits they can gain from their

involvement.

From this research, we suggest that stormwater hydrocitizenship is being actively adopted

within these watersheds but shaped by the disciplinary governmentalities of the fee-rebate

system and outreach educational programs. Stormwater governments utilize their posi-

tions of power and expertise to produce stormwater hydrocitizens whose knowledge and

actions surrounding stormwater management align with government needs. Our research

demonstrates that while individuals are engaging with stormwater management, the avenue

for their involvement is greatly constrained by both the biopolitical and disciplinary gov-

ernmentalities. These constraints and the overall lack of autonomy felt by individuals in

defining their role, duties, responsibilities, and desired outcomes within stormwater man-

agement results in significant conflicts, tensions, and inequity within the shift towards a
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more decentralization paradigm in stormwater management.

4.7 Conclusions: Reimaging Stormwater Governance and Management

Stormwater governances and management are including more green infrastructure and

increasing citizen involvement. However, top-down technocratic systems of governance

and management continue to exert a disproportionate effect on hydrosocial relations and

constrain greater participation of stormwater hydrocitizens. Consequently, the emerging

stormwater management paradigm is at risk of not meeting its sustainability, resilience, and

equity goals. To help meet these goals, a more critical conversation about knowledge and

power within stormwater governance is needed. Drawing on the findings presented above,

we seek to contribute to a reimagining of stormwater management and a reworking of the

hydrosocial relationships among governments, communities, individuals, and stormwater.

We offer the following next steps as actions that can help advance this reimagining.

We suggest adopting more holistic approaches to stormwater management that will al-

low individuals and communities to better advocate for their goals and desires for stormwa-

ter management infrastructure and decision-making. We have shown how the dominantly

technocratic approach to stormwater management continues to significantly shape how,

where, and who manages stormwater. We contend that stormwater management must move

past these technocratic forms of management and governance towards more participatory,

collaborative planning and decision-making [28, 113, 144]. Stormwater is not uniform

spatially or temporally throughout cities and requires specific, local actions. Within this

transition, the views, needs, and concerns of all stakeholders need to be incorporated into

decision-making and planning. Additionally, a more holistic approach will allow stormwa-

ter hydrocitizens to participate in defining their roles, responsibilities, and rights within

stormwater management, especially deciding the outcomes and goals of their involvement.

92



Through this approach to management, we can begin to implement stormwater manage-

ment that serves the localized interests of individuals and communities, as well as the gov-

ernment.

We suggest placing stormwater research and management within the broader context of

socio-ecological systems, particularly accounting for the multitude of ecosystem services

provided by decentralized, green infrastructure [2, 11]. This approach will promote the

use of multi-purpose stormwater infrastructure that can help to re-envision how stormwa-

ter should be managed, away from large-scale, centralized projects and towards smaller,

decentralized infrastructures. Through a more accurate representation and accounting of

ecosystem services, residents and communities will also be able to better advocate for

stormwater management that not only protects the environment and public health but also

improves the health and livelihood of communities and cities. Additionally, as more in-

dividuals can visualize and access the benefits of these decentralized, green infrastructure

practices, individuals will likely be more willing to participate in stormwater management

as the benefits of doing so will be more readily accessible.

We suggest that there should be new regulations that approach stormwater management

as an “opportunity” rather than a “liability” and stormwater as a “resource” rather than a

”hazard” [2, 11, 28]. Framing stormwater as a “resource” rather than a “hazard” will open

more possibilities for how stormwater is managed and a wider, more holistic variety of

desired regulatory outcomes and goals for stormwater management. Regulations should

also be more adaptive and less reliant on quantitative outcomes, further allowing for more

integrative, collaborative planning and decision-making across the diverse range of stake-

holders within urban areas. Improving the accessibility of regulations will promote more

involvement of individuals to partake in the decision-making process and promote more

accountability for how and where governments decide to manage stormwater.

Finally, we need to better attend to the power and political dimensions of stormwater
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management and governance to highlight conflicts, tensions, and inequities within these

systems. We have found Foucault’s concepts of biopower, biopolitics and discipline use-

ful in sharpening our research focus on the power and politics of stormwater management.

Other political ecology approaches can offer additional and complementary approaches

[55, 121, 124–126]. Through similar research, important and powerful questions regarding

stormwater governance can be further investigated, such as: What does a non-technocratic

approach to stormwater management look like? How can stormwater hydrocitizenship

become a tool for improving the livelihood of individuals and communities? How can gov-

ernments and citizens share decision-making power within a more decentralized form of

stormwater governance? These questions and others are important starts to a more holistic

effort to reimagine stormwater governance.

In conclusion, we must move past the technocratic approach to managing stormwater.

We need clearer articulation of the goals and outcomes of stormwater management and

employ a more participatory approach to promote a robust and diverse stormwater hydroc-

itizenship. Through a more critical approach where these considerations are assessed and

acted upon, more sustainable, resilient, and equitable stormwater governance and manage-

ment can be implemented that protects and improves public and environmental health, as

well as the overall livability of our cities.
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Chapter 5: Diffusing Responsibility, Decentralizing Infrastructure:

Hydrosocial Relationships within the Shifting Stormwater

Management Paradigm1

5.1 Introduction

Stormwater management in the United States of America (USA) is currently under-

going a paradigm shift, especially within urban areas [2, 9, 11, 115, 117]. This shift has

been driven by increasing concerns surrounding the public and environmental health issues

caused by stormwater, more frequent severe storm events, and an overall increase in ur-

banization across the USA [5, 12, 28, 60]. To address these growing concerns, stormwater

governments have begun rethinking how and where stormwater is managed, as well as who

partakes and is responsible for stormwater management [44]. Two important developments

underpin these evolving changes - the implementation of more decentralized infrastruc-

ture and the practice of recruiting residents and communities to manage stormwater from

privately-owned property.

Historically in the USA, stormwater management and governance has been highly top-

down and technocratic where planning and decision-making was conducted entirely by
1This dissertation chapter is currently in review in the journal, Journal of Environmental Planning and

Management. Matthew Wilfong, Debasmita Patra, Mitchell Pavao-Zuckerman, and Paul Leishnam were co-
authors for this journal article. Matthew Wilfong contributed conceptualization, methodology, investigation,
writing, review, and editing of the manuscript. Debasmita Patra contributed with methodology, investigation,
and review and editing the manuscript. Mitchell Pavao-Zuckerman and Paul Leishnam contributed funding
and review and editing of the manuscript. This research was funded by NSF-CHN/DEB Grant no.1824807
and a USDA NIFA Hatch project through the Maryland Agricultural Experimentation Station.
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scientists, engineers, and policymakers [13, 26, 34]. As a result, state and local govern-

ments have used gray infrastructure, characterized by centralized conveyance systems that

temporarily detain or slow the flow of stormwater prior to treatment at large-scale treat-

ment plants [14, 145–147]. These systems are complex networks of underground pipes and

storage tanks that transport stormwater away from populated areas to treatment plants or di-

rectly into larger, downstream bodies of water. This technocratic, centralized management

style primarily aimed to protect public and environmental health from the potential adverse

effects posed by uncontrolled stormwater runoff. Overall, centralized stormwater manage-

ment infrastructure has improved stormwater management throughout the USA, reducing

the hazardous impacts of stormwater flooding and pollution in cities [4, 148].

Over the past few decades, however, there has been significant concerns raised sur-

rounding the ability of these centralized systems to continue to protect public and environ-

ment health [2, 117, 149]. Across the USA, centralized stormwater management systems,

which were built upwards of seventy years ago, are frequently overwhelmed during storm

events due to higher proportions of impervious surfaces and more intense precipitation dy-

namics within urbanized areas [1, 4, 14, 30]. These infrastructural failures and impacts on

public and environmental health have prompted increased concerns about improving and

rethinking stormwater management and governance in urban areas [16, 28, 31, 32].

In response, beginning in the early 2000’s, a shift away from the established centralized

infrastructural systems and towards a more decentralized approach began. This shift was

accompanied by stricter stormwater regulations at the federal, state, and local levels build-

ing on the Clean Water Act (CWA) and National Pollutant Discharge Elimination System

(NPDES) [4]. One example of these new regulations is the introduction of Total Maximum

Daily Loads (TMDLs) for impaired watersheds which set the daily load limit of specific

pollutants, typically nitrogen, phosphorus, and sediment, allowed to be exported into water

bodies of any given watershed [36, 46]. These stricter regulations require the management
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of stormwater on-site at new development, increasing the use of more decentralized, green

infrastructure across the landscape. Decentralized, green infrastructure is characterized

by small-scale practices that mimic natural processes like infiltration and evapotranspira-

tion [24, 48, 50, 62, 150]. Previously developed areas are not typically subjected to these

new, stricter regulations and continue to rely on centralized, gray infrastructure to manage

stormwater [3, 48, 61].

The stricter stormwater regulations that were introduced in the early 2000s only began

to address the need for improved stormwater management for decreasing stormwater vol-

ume and improving stormwater quality entering downstream bodies of water. One major is-

sue that continues to trouble stormwater management, especially in highly urbanized areas

has been coined the “private vs. public dilemma” [2, 14, 26, 42]. This issue in stormwater

management, created by the CWA, is characterized by the inability of the governments to

directly regulate stormwater emanating from private property; however, the responsibility

for the management of this stormwater is still placed onto state and local governments,

rather than the local landowner (unless new development occurs on the privately-owned

land). In urbanized areas, public spaces and new development, where state and local gov-

ernments have authority to implement stormwater infrastructure, are a small portion of the

total area producing stormwater [2, 13, 151]. For example, in Maryland, only 7.6% of the

land is publicly owned, while 92.4% is private and, on average across the United States,

39.8% of land is publicly owned, while 60.2% is privately-owned (US Bureau of the Cen-

sus, Statistical Abstract of the United States: 2021). Coupled with this disparity in land

ownership, private lands are broken up in countless parcels with separate and distinct own-

ers, making management on private property even more complex and difficult. As a result,

these enhanced stormwater regulations remain insufficient to create noticeable changes in

how and where stormwater is managed in urbanized watersheds.

Many stormwater professionals actively acknowledge that meeting stormwater regu-
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latory requirements is highly reliant on residents’ participation on privately-owned land;

however, this represents a significantly large undertaking due to the large amount and di-

verse set of private property owners within urban and suburban areas [5, 28, 49, 152].

To begin to overcome this “private vs. public dilemma,” state and local governments are

actively engaging with residents and communities to promote their involvement in the man-

agement of stormwater. State and local governments have begun implementing outreach

programs to educate residents and communities about stormwater management. For exam-

ple, in Montgomery County, Maryland, a RainScape program was implemented designed

to educate homeowners about stormwater and provide technical and financial assistance

to property owners who wish to implement landscape design techniques on their property

to reduce stormwater runoff [45]. Most counties in Maryland have similar programs, as

well as the District of Columbia [35]. In addition, local governments have begun enact-

ing a stormwater utility fee and rebate system to engage residents and communities with

stormwater management [36]. The stormwater utility fee is a charge added to a water bill

that is calculated by the size and percent of impervious surfaces on a given property. This

fee is used to fund stormwater infrastructure improvements throughout cities and to provide

a financial incentive for property owners to mitigate the stormwater emanating from their

properties [37, 38, 38, 153]. Property owners can implement stormwater best management

practices on their properties to receive a rebate against these stormwater utilities fees. The

outreach programs and stormwater utility fee and rebate system are currently the two pri-

mary techniques that state and local governments are using to increase the management of

stormwater on privately owned land.

Despite these programs, most urban and suburban residents continue to have little

knowledge of where, how, and who manages stormwater due to the decades of centralized,

underground, and top-down management and infrastructure [26, 49, 53, 154]. As a result,

there continues to be many questions and concerns among residents and communities about
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their roles, responsibilities, and duties towards managing stormwater [43, 44, 51, 52, 155].

Additionally, most stormwater professionals and government officials acknowledge that

individual involvement on private property through the implementation of household-scale

best management practices is necessary, but there are questions about the most effective

and equitable policies and techniques to recruit and enlist their involvement. These ques-

tions and concerns within this evolving paradigm continue to severely limit the progress

towards decentralizing stormwater management and the involvement of residents in man-

aging stormwater [1, 5, 14, 28].

To address these questions, we use the hydrosocial cycle framework to explore vari-

ous perceptions across stormwater professionals and urban residents concerning the shift-

ing decentralization of stormwater management. The hydrosocial cycle, as a theoreti-

cal framework, promotes the assessment of water management and governance as socio-

natural, where specific social relationships produce specific kinds of “water.” [55, 88].

Through these socionatural processes, the hydrosocial framework promotes increased at-

tention and consideration to the role of power relations in shaping and defining “water”

[32, 86, 90, 134]. The hydrosocial cycle emphasizes that water and society are inher-

ently related where each provides meaning and context to one another [55]. Within the

cycle, water-society relations are shaped and constructed that convey how water’s produc-

tion, meaning, value, and context is the product of the co-evolution of water and society

[55, 113, 114, 128, 156]. These co-evolutionary processes produce distinct hydrosocial

relationships and can highlight how specific economic, social, cultural, and political dy-

namics shape, define, and reinforce these relationships [55, 106, 127, 157].

This study aims to investigate hydrosocial relationships that arise within this shifting

paradigm with particular interest in assessing stakeholder perspectives on the roles and re-

sponsibilities of varying entities, including state and local governments, communities, and

residents within stormwater management, and the policies and techniques used to initiate
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and sustain their involvement. We use Q-methodology to group responses across two key

stakeholder groups, stormwater professionals and residents, on their perceptions about the

decentralization of stormwater governance and management. Q-methodology is a way to

determine a person’s subjective understanding of a particular topic [158]. The method is

increasingly being used by social scientists interested in evaluating stakeholders’ under-

standing of environmental issues [159–163]. Rather than measure responses to variables

between people (i.e., how many people agree with a statement or set of statements), a Q

analysis is meant to examine the interrelation of many different statements across individ-

ual stakeholders. This approach allows for a coherent “discourse” or set of beliefs about

a particular topic, to emerge [158, 163]. Researchers can then gauge which actors tend

to align with particular discourses [164–166]. We use Q-methodology to assess potential

differences and similarities in the hydrosocial relationships across stormwater profession-

als and residents, specifically towards the role of residents in stormwater management and

how individual involvement should be mediated through specific policies or techniques.

We employ the hydrosocial framework to characterize and assess political, economic,

social, and cultural factors that influence and shape hydrosocial relationships. We explore

potential drivers (political, economic, social, and cultural) that influence differences in hy-

drosocial relationships, and the implications within the decentralizing stormwater manage-

ment paradigm. We then aim to provide recommendations towards remedying divergent

perspectives, if any, to facilitate the decentralization of stormwater management and to en-

sure more sustainable, resilient, and equitable outcomes. Finally, we use this research to

demonstrate the effectiveness of hydrosocial and Q-methodology to situate and understand

varying perspectives within environmental governance and management, more broadly.
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5.2 Study Location and Methodology

Our research focused on two Mid-Atlantic urban watersheds: Watts Branch watershed

and Watershed 263 (Figure 5.1). Watershed 263 resides within Baltimore City, Mary-

land and Watts Branch watershed crosses between Prince George’s County, Maryland and

Washington, District of Columbia (DC) [44].

Figure 5.1: Map depicting the geographical location of each of the two study watersheds. Watershed
263 located on the southeastern side of Baltimore City and Watts Branch watershed located on the
northeastern side of Washington D.C, straddling Washington D.C and Prince George’s County in
Maryland. The red line outlines the watershed boundaries for each watershed [44].

These two watersheds were chosen through community-based participatory planning

alongside local nonprofit organizations, government organizations, and University of Mary-

land Extension (UME). Watts Branch watershed and Watershed 263 differ in socio-economic

and physical characteristics, but both contain predominantly African American populations

(Table 4.1) [44].. Watershed 263 is significantly more urbanized compared to Watts Branch

watershed as measured by higher population density and impervious surface coverage. Ad-

ditionally, Watershed 263 has lower median household incomes, education attainment, and
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a higher proportion of vacancy parcels as compared to Watts Branch.

Both Watershed 263 and Watts Branch watershed primarily utilize centralized, gray

infrastructural systems to manage stormwater by conveying and transporting stormwater

to wastewater treatment plants using complex systems of underground pipes and storage.

Watershed 263 has a separated sewer system, meaning that household wastewater and

stormwater pipes are separated from one another, while Watts Branch watershed uses a

combined system where stormwater and wastewater are transported together in the same

pipes. In both watersheds, these centralized systems are frequently being overwhelmed

during storm events due to a host of synergistic factors including increasing urbanization

and more frequent high intensity storms. As a result, incidences of flooding, stormwater

pollution, and combined sewer overflows (when combined sewer systems overflow during

a storm event leaking raw sewage into nearby waterways prior to treatment) have increased

significantly over the past decade in these watersheds and other urbanized areas throughout

the Mid-Atlantic.

To combat these public and environmental health issues related to stormwater, local

governments are focused on decentralizing stormwater management due to the prohibitive

costs of repairing, replacing, and/or updating centralized systems and the overall lack of

sufficient publicly owned property to implement new infrastructure [35, 167]. As a re-

sult, local and state governments are increasing community engagement efforts to promote

more effective stormwater management, including educating, empowering, and recruiting

residents to partake in managing stormwater on their properties. Due to this ongoing shift

in stormwater management, these two urban watersheds provide an excellent platform to

investigate the evolving hydrosocial relationships between stormwater professionals, resi-

dents, and stormwater.

The Q-methodology research in this study was conducted in three main phases follow-

ing usual procedures. Phase one consisted of forty-two semi-structured interviews with (22)
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stormwater professionals (government officials, university researchers, stormwater experts

with nonprofit organizations, funding agency officials, policy makers, and environmental

activists) and (20) residents, both groups split evenly across Watts Branch watershed and

Watershed 263. Respondents were chosen through purposive sampling working along-

side of a Community Advisory Board consisting of residents and stormwater professionals

from local nonprofit organizations, government organizations, and University of Maryland

Extension working within these watersheds [44]. These interviews employed questions

to understand the perceptions of stormwater management and governance of stakehold-

ers from these watersheds. The open-ended questions that were asked of each respondent

throughout the interviews are in Table 4.2. These semi-structured interviews were con-

ducted between March and November 2019 and lasted between 45 and 90 minutes each.

Otter.ai was used to transcribe each interview and all identifying information was removed

to maintain confidentiality (Version 2.1.6; [136]). A thematic analysis of these interviews

was published by Patra et al. (2021), and more details can be found there [44].

The second phase of the research was a content analysis to extract concourse statements

from within each interview using MAXQDA [168]. Each of the forty-two interview tran-

scripts was read thoroughly and potential concourse statements were extracted that specifi-

cally provided a respondent’s perspectives or thoughts on one of the following statements:

(i) Who or what entity is responsible for managing stormwater in your area? (ii) How

is stormwater currently being managed? (iii) What is the best way to manage residential

stormwater? or (iv) What is the future of stormwater management? The content analy-

sis produced a list of approximately 750 statements across all respondents that reflected the

range of perspectives for each of the questions. We organized these quoted statements based

on the question they respectively answered and the broader perspective they provided on

each question. From these groupings, we developed a concourse of nineteen paraphrased

statements that effectively covered the range of perspectives for each expressed throughout
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the interviews amongst all respondents (Table D.1).

The third phase consisted of a Q-sort survey whereby respondents ranked concourse

statements from strongly disagree to strongly agree on a quasi-normal distribution ranking

system (Figure 5.2). A total of twenty participants completed the Q-sort survey, consisting

of fourteen stormwater professionals and six residents. Due to the ongoing COVID-19 pan-

demic, the Q-sort process was conducted entirely online using QMethod software during

November and December 2021 [169]. The online QMethod software allows participants to

conduct the entire Q-sort survey online and confidentially. Through the software, respon-

dents were asked initial survey questions to help identify their watershed affiliation and

resident or professional status (Table D.2). The respondents were then presented with the

Q-sort survey itself, where they were asked to rank the concourse statements (Table D.1)

on the quasi-normal distribution ranking system (Figure 5.2).

Figure 5.2: Quasi-normal distribution chart used for the online Q-sort survey through online
QMethod software. Participants place one concourse statement within each box, ranking whether
they agree or disagree with each statement on a 7-point scale [169].

104



Following completing the Q-sort survey, respondents were asked optional follow-up

questions that could be used to better understand how and why each respondent ranked the

concourse statements (Table D.2). All participants were contacted via email and were from

the pool of forty-two interviewees from Phase two and twenty other participants identified

from interviews during Phase one, but due to time restraints were not interviewed [44].

The response rate was 32.25%; however, smaller, purposefully chosen survey populations

typically provide a sufficiently diverse range of perspectives in Q-methodology [160, 161,

163]. Importantly, Q-methodology is more focused on identifying the groups or clusters in

perspectives than the prevalence of the perspectives in the broader population.

The fourth and final phase of the research involved a correlation and factor analysis

of the resultant Q-sorts. These analyses were conducted within the online QMethod soft-

ware [169]. The correlation and factor analysis mathematically works by creating “new

variables” or factors that group together consistent rankings of statements. Pearson corre-

lation and Principal Component Analysis (PCA) were conducted producing eight distinct

factors. It is typical in Q-methodology for any factor with an eigenvalue greater than one

to be kept for analysis if those factors represent a socially significant perspective and/or

account for significant variance among the Q-sorts [158, 159, 163]. Of the eight factors

in our PCA analysis, three were kept for varimax rotation due to their higher eigenvalues

(>2) and substantial percentage of explained variance within the Q-sorts (>10%). These

three factors represented distinct and significant perspectives that identify and explain sig-

nificant hydrosocial relationships present within the changing stormwater management and

governance paradigm in these two urbanized watersheds.
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5.3 Results: Identified Hydrosocial Relationships

Three factors emerged from the factor analysis that portray significant thoughts, per-

ceptions, and knowledge of stormwater governance and management within these two wa-

tersheds. The summarized statistics for the factor analysis are shown in Table 5.1. Im-

portantly, stormwater professionals and residents were identified within each of the three

factors with the distribution of respondents for each factor shown in Table 5.2. Two respon-

dents (one Watts Branch watershed resident and one Watts Branch watershed professional)

were not assigned a factor due to their high correlation with multiple factors and inability

to distinguish an appropriate single factor. The factor analysis produces an “idealized” sort

where statistically significant statement rankings represent important divergence views and

perspectives across each factor. These idealized sorts for each factor and factor rank for

each statement are shown in Table 5.3. We defined each of the three factors as (1) Market

Decentralists, (2) Anti-Market Decentralists, and (3) Technocratic Opportunists. Each of

these factors represent “descriptive archetypes” and perspectives on stormwater manage-

ment and governance. These archetypes correspond to distinct hydrosocial relationships

that arise due to varying influence of social, economic, cultural, and political factors on

how these archetypes know, interact with, and view stormwater governance and manage-

ment.

Table 5.1: Summarized statistics from the varimax-rotated factor analysis conducted using online
QMethod software [169].

Factors
Factor Characteristics 1 2 3

Eigenvalue 5.440 3.080 2.584
# of Defining Variables 8 5 5
% Explained Variance 27 15 13
Composite Reliability 0.970 0.952 0.952

Standard Error of Factor Scores 0.174 0.218 0.218
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Table 5.2: Distribution of stormwater professionals and residents from each watershed within each
of the three identified factors. WB stands for Watts Branch Watershed and B stands for Baltimore
or Watershed 263.

Factors WB Residents B Residents WB Professionals B Professionals
1 0 1 5 2
2 2 1 0 2
3 1 0 0 4

Across all the three factors, certain concourse statements were mostly agreed with or

disagreed with, regardless of their assigned factor (Figure D.1). Statements were identi-

fied where greater than half of the respondents had a shared ranking of the statement. For

example, concourse statement one had thirteen respondents agree (ranked +1, +2, or +3)

with the statement, while only two respondents disagree (ranked -1, -2, or -3) – demonstrat-

ing agreement with this statement broadly across all respondents. Additionally, concourse

statements 2 and 14 were regularly agreed with, while statements 3, 5, and 16 were consis-

tently disagreed with. Using a similar approach, statement rankings were compared across

stormwater professionals and residents (Figure D.2). Key differences arose surrounding

statements 9, 12, and 17 that portray potential divergent perspectives between stormwater

professionals and residents. These two figures portray convergences in hydrosocial rela-

tionships demonstrating shared perspectives on stormwater management and governance.

These areas of convergence are important to further situate and explain differences be-

tween the identified factors. While these areas of convergence are important, investigating

the differences across respondent groups and using factor analysis highlights the distinct

hydrosocial relationships arising within the shifting stormwater management paradigm.
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Table 5.3: Identified factors and idealized rankings for each concourse statement for each fac-
tor: (F1) Market Decentralists, (F2) Anti-Market Decentralists, and (F3) Technocratic Oppor-
tunists. Values in bold and with * are distinguishing statements that are statistically significant at p
<0.05.

Statements F1 F2 F3
1. Stormwater is an important resource in urban environments. 0* 1* 2*
2. Stormwater is a hazard to public and environmental health. 3 3 -1*
3. Stormwater is most effectively managed through large-scale

centralized projects that capture and treat stormwater. -2 -3 -2

4. Stormwater is most effectively managed through small-scale,
decentralized green infrastructure. 1 0 1

5. The government should be solely responsible to manage
stormwater. -3 -1* -3

6. All property owners should be responsible for the stormwater
emanating from their property. 1 -2* 0

7. Local landowners lack the knowledge to effectively
participate in stormwater management planning. 0 0 0

8. All stormwater planning and management decisions should
be made with direct and continuous input from local landowners. 1* 1* 2*

9. Stormwater fees are necessary to ensure that cities and local
governments have the funding required to effectively manage stormwater. 1* -1 0

10. Stormwater fees have a negative connotation due to the inequity in
who pays, how much each landowner pays, and how the revenues

from the fees are utilized.
-2* 1 0

11. The stormwater fees, and rebates system promotes the implementation
of stormwater management practices on private land. 2* -1 -2

12. Stormwater fee and rebate systems are unjust and inequitable due to
the inability for lower income landowners to either pay the

fee or implement practices to receive rebates.
-1* 2 1

13. The future of stormwater management must be driven by technological
innovations and scientific research. 0 0 3*

14. The future of stormwater management must contain a mixture of
centralized and decentralized infrastructure. 2 2 1

15. The future of stormwater management must be decentralized and
use small-scale infrastructural practices. 0 1 -1*

16. The best way to improve stormwater management is through updating
existing large-scale, centralized infrastructure. -1 -2* -1

17. The best way to improve stormwater management is through adoption
of small-scale, decentralized practices. -1 0 0

18. The best way to improve stormwater management is through increased
regulations and market-based approaches. -1 -1 -1

19. The best way to improve stormwater management is through
education and outreach. 0 0 1
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5.3.1 Factor 1 – Market Decentralists

The market decentralists group was composed of eight respondents, seven stormwa-

ter professionals from both Watts Branch watershed and Watershed 263, and one resident

from Watershed 263. Market decentralists, along with the other two factors, identify closely

with the need to shift stormwater management infrastructure away from large-scale central-

ized infrastructure and towards smaller-scale, decentralized management practices. This

perspective believes that decentralization also involves shifting the sole responsibility of

managing stormwater off the government and onto private landowners and communities.

Uniquely, this group considers market-based approaches, like the stormwater fee and rebate

systems, to be an effective mechanism to shift responsibility onto residents and communi-

ties while promoting the implementation of more decentralized, small-scale management

practices across the landscape. For this factor, market-based approaches are important for

state and local governments to raise funds dedicated to improving stormwater management

and provide residents and communities with the financial incentive to partake in the man-

agement of stormwater on private properties.

Market decentralists strongly view stormwater as a hazard for public and environmen-

tal health. One Watts Branch watershed stormwater professional, assigned to the market

decentralists factor, conveyed this viewpoint during the post Q-sort survey responding ex-

plaining which concourse statement they most agreed with:

“Stormwater is a hazard to public health and environmental health. I don’t think there is

any way you can dispute or argue with this statement.”

This perspective believes that the primary goal of stormwater management is to protect

society and the environment from the adverse effects of stormwater. Within this group, the

responsibility to protect the health and safety of society and environment is not entirely
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that of the local governments, but also of all private landowners. Market decentralists place

the most responsibility onto private landowners compared to other factors but suggest that

market-based approaches and financial incentives are the best way to impart this responsi-

bility onto all landowners. One resident from Watershed 263, during the semi-structured

interviews, exemplified a market decentralists perspective on the ability of market-based

techniques, like the stormwater fee and rebate system, to shift responsibility onto private

landowners when stating:

“So, for example, that [rebate] program that they set up to reimburse people for taking

stormwater management into their own hands. That’s a policy and it works, that’s a great

idea.”

For this perspective, state and local governments have specific expertise and knowledge

needed to make decisions on how and where to manage stormwater, but direct input from

local landowners is necessary and important. Market-based approaches allow and promote

state and local governments to use their expertise and knowledge to maintain control over

decision-making and planning for managing stormwater. Collectively, market decentralists

can be described as residents who view stormwater as a hazard that must be dealt with

by the government, communities, and residents, alike. Market decentralists recognize that

individual involvement and decentralization of management practices is necessary and sug-

gest that market approaches, like the stormwater fee and rebate system, can be a successful

mechanism to begin this process.

5.3.2 Factor 2 – Anti-Market Decentralists

This factor group contained two stormwater professionals, both from Watershed 263,

and three residents, two from Watts Branch watershed and one from Watershed 263. As

with the other two factors, anti-market decentralists describe the importance of decentral-
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izing stormwater management through the implementation of smaller-scale management

practices. During the post Q-sort survey, one stormwater professional from Watershed 263,

describes the pitfalls of large-scale centralized systems:

“Large-scale centralized solutions, they can’t handle the loads. [Stormwater flows] often

overwhelms the system (especially combined sewer/stormwater systems) causing sanitary

overflows that are potentially more harmful than stormwater effects alone. No centralized

system is large enough to handle it, and no centralized system can disperse the resulting

clean water over the landmass from which the water originated”

This factor takes the perspective that decentralization is needed and the responsibility

to support this shift in stormwater infrastructure lies primarily with state and local gov-

ernments. Anti-market decentralists keep most of the responsibility on the government,

while acknowledging that residents and communities should play a role. Notably, anti-

market decentralists do not believe all property owners should be responsible to manage

stormwater on their own property. Particularly, this group also strongly opposes market-

based approaches, like the stormwater fee and rebate system, to involve private landowners

into managing stormwater. Anti-market decentralists universally agree with the statement

that a stormwater fee and rebate system is inherently unjust and inequitable, especially for

lower-income residents and communities. During the post Q-sort survey one anti-market

decentralist, a resident from Watts Branch watershed, explained this perspective by stating

that:

“[Placing responsibility onto all landowners promotes] unfairness to low-income

landowners. There should be a greater sense of equity across the board.”

Like Market Decentralists, this factor perceives stormwater as a hazard for public and

environmental health, ranking this statement the highest in the idealized factor sort. One
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Watts Branch watershed professional, assigned as an anti-market decentralist, echoed this

viewpoint during the post Q-sort survey stating:

“Stormwater is a source of environmental harm. We need clean water. Period.”

Anti-market decentralists perceive managing stormwater as one of the responsibili-

ties of state and local governments to ensure protection of the public and environment

against the hazard of stormwater. This perspective identifies implementing new, decen-

tralized management practices alongside the existing centralized infrastructure as the best

way forward to improve stormwater management towards protecting society and the en-

vironment. Crucially, while anti-market decentralists agree that governments should not

be solely responsible, the current market-based mechanisms to recruit communities and

residents to manage stormwater on private properties is inefficient, unsuccessful, and in-

equitable. Anti-market decentralists seek to begin programs that work with and alongside

residents and communities to connect them with the benefits and risks of implementing

small-scale stormwater management practices on their properties – a more equitable and

integrated approach than market-based techniques, like the stormwater fee and rebate sys-

tem.

5.3.3 Factor 3 – Technocratic Opportunists

The technocratic opportunist factor contained one resident from Watts Branch water-

shed and four stormwater professionals from Watershed 263. Technocratic opportunists

align with the other two factors suggesting that the decentralization of stormwater man-

agement is necessary – specifically, using more decentralized infrastructure and the in-

volvement of communities and residents into the stormwater management paradigm. In

contrast with the other two factors, technocratic opportunists suggest that this decentraliza-

tion needed to be structured around and driven by technological innovations and scientific
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research. During the post Q-sort survey, one stormwater professional from Watershed 263

typified this perspective by stating that they most agreed with the statement that:

“Technology and research are needed to better manage stormwater and increase the

implementation of GSI [green stormwater infrastructure].”

Technocratic opportunists identify that better infrastructure and technology is needed to

treat stormwater, especially smaller-scale decentralized technologies. This factor acknowl-

edges that the government, and stormwater expert therein, typically has more technical

knowledge and expertise needed to implement and utilize these infrastructures. Despite

this, technocratic opportunists highly agree that stormwater planning, and management

decision-making must be made with direct and continuous input from local landowners.

Along with this collaborative process, this group acknowledges that the government alone

cannot manage stormwater effectively, especially in urban areas, and suggests that residents

and communities should play a role in managing stormwater.

Most uniquely, technocratic opportunists regard and perceive stormwater as a potential

“resource” rather than a “hazard,” as compared to the other two factors. This factor suggests

that stormwater is an under-harnessed and underutilized opportunity and potential resource

in urban areas. One stormwater professional and technocratic opportunist from Watershed

263 exemplified this perspective by stating during the post Q-sort survey that:

“Stormwater is not necessarily dangerous to people and the environment. [If]

harnessed/captured it can be beneficial for such things as irrigation and alternative

energy production.”

Technocratic opportunists identify that a reform of how stormwater is managed and

governed is necessary to view stormwater as a “resource” rather than a “hazard.” By doing

so, stormwater has the potential to become a valuable resource that can supply numerous
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benefits in urban areas, like irrigation and alternative energy production. This factor repre-

sents a unique way of managing stormwater compared to the other two factors.

5.4 Discussion: Convergences and Divergence Perspectives across

Hydrosocial Relationships

These three identified factors represent distinct hydrosocial relationships between stake-

holders and stormwater. Across these factors, there are converging views and perspectives

that highlight the growing support for decentralizing stormwater management. Despite

these similarities, substantial differences remain between perspectives on the best path for-

ward towards this overarching goal of decentralization. Additionally, there appears to be

areas of divergent perspectives between stormwater professionals and residents that are

valuable to identify as significant hurdles that are slowing the decentralization of stormwa-

ter management, more broadly. We discuss these converging and diverging perspectives

within the broader hydrosocial cycle of stormwater management and governance to iden-

tify areas where the decentralization of stormwater management remains heavily contested.

We conclude by highlighting these areas of tension with the goal of suggesting policies and

practices that can help to bridge these perspectives and progress stormwater management.

5.4.1 Convergent Perspectives towards Decentralization

Across all respondent groups and identified factors, there were two critical perspectives

on the evolving stormwater management paradigm that were shared universally: the need to

transition away from large-scale centralized infrastructure and the view that the government

should not be burdened with the sole responsibility for stormwater management. Both

views are at the root of the continuing push towards decentralizing stormwater management

and are key areas of convergence across these hydrosocial relationships.
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Across all three factors, the need for more decentralized, green infrastructure was highly

recognized. Respondents acknowledged that continued reliance on centralized, gray infras-

tructure will be insufficient to protect public and environment health, as well as, meeting

the increasingly strict regulatory requirements of the CWA and NPDES. For each factor

and respondent groups, statements regarding the effectiveness of centralized, gray infras-

tructure (statements 5 and 16) were mostly disagreed with (Table 5.3 and Figure D.1 and

Figure D.2). In contrast, all three factors and both respondent groups recognize that the

future of stormwater management must contain a mixture of centralized and decentralized

practices (statement 14). One Watts Branch watershed professional and market decentralist

conveyed this shared perspective by suggesting that:

“The future of stormwater management must contain a mixture of centralized and de-

centralized infrastructure. We will never be able to effectively manage stormwater if we

rely solely on one or the other. We need a mixture of practices.” Coupled with the common

perspective, all three factors and respondent groups agreed that the government should not

be solely responsible for managing stormwater (statement 5). Respondents suggest that the

responsibility must be shared across stakeholders due to the inability of the government to

effectively manage stormwater alone. Another Watts Branch watershed professional and

market decentralist explained this perspective by stating: “While the government has some

responsibility, we all contribute to stormwater issues in some way, and the problem will

never be resolved without everyone playing a role.”

These common views across stakeholders represent progress towards decentralizing

infrastructure and diffusing responsibility that has been the goal of state and local govern-

ments over the past decade. For these entities, this decentralization was a political and

economic necessity due to increasingly stringent regulations and higher costs of repairing

or upgrading aging centralized infrastructure [5, 11, 14, 26]. We suggest that outreach

programs and the stormwater utility fee and rebate system, utilized by most state and local
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governments, have been successful in educating residents and communities about stormwa-

ter management, but fall short of engaging residents to begin to implement household-scale

management practices on their properties [24, 43, 44, 51–53]. These two shared perspec-

tives across all three factors and both respondent groups represent a significant transition in

how stormwater management is viewed and further identifies the paradigm shift currently

underway.

We argue that these hydrosocial relationships are commonly shaped by the political

power dynamics that remain from decades of top-down, expert-based management [32, 86,

89, 133, 134]. State and local governments are harnessing their position as “experts” to

promote decentralization that will both benefit public and environmental health, but also

their political and economic bottom-line. We acknowledge that decentralizing infrastruc-

ture and diffusing responsibility will benefit stormwater management, more broadly; but it

also portrays the continued political influence and power that state and local governments

have on how, who, and where stormwater is managed. While these identified hydroso-

cial relationships are uniformly influenced by these dynamics, significant differences arise

when investigating how these factors view the policies and techniques utilized to promote

this decentralization.

5.4.2 Divergent Perspectives on Achieving Decentralization

These areas, where hydrosocial relationships diverge, provide an important view into

the varying perspectives on the shifting stormwater management paradigm. Across these

three identified hydrosocial relationships and respondent groups, three primary differences

arose that have substantial effects on overall transition towards decentralization: (1) how

stormwater is viewed and defined, (2) the role and responsibilities of residents in managing

stormwater, and (3) the most effective policies to engage with residents and communities.
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Hazard or Resource

Stormwater has effectively been managed and defined as a “hazard,” “pollutant,” and

“liability” throughout the top-down, centralized management paradigm [9, 12, 114, 115,

117]. In response to the growing transition towards decentralized management, many

scholars have suggested that redefining stormwater as a “resource” will benefit stormwater

management [11, 13, 28, 144, 170]. For market decentralists and anti-market decentralists,

stormwater remains predominantly a “hazard” to public and environmental health. In con-

trast, technocratic opportunists identify stormwater as a potential “resource” and “opportu-

nity” for different techniques and policies for managing stormwater. For both stormwater

professionals and residents, stormwater remained more strongly defined as a “hazard,” but

across both groups, the majority agreed that stormwater can also be a “resource” in ur-

ban environments. This transition in how stormwater is conceptualized and defined is still

actively contested across stakeholders.

We argue that this transition towards redefining stormwater is primarily affected by

political, social, and economic drivers [5, 11, 14]. For stormwater professionals: regula-

tions, existing centralized infrastructure, and the political necessity to protect the public

from flooding reinforces stormwater as a “hazard.” In contrast, stormwater professionals

tend to have highly technical knowledge that could influence their ability to envision in-

frastructure and practices that utilize stormwater as a “resource” – this could be influencing

the perspectives of the technocratic opportunists, which were predominantly stormwater

professionals from Watershed 263. For residents, whether stormwater is viewed as a haz-

ard or resource is impacted by economic standing. Lower-income communities are more

likely to be negatively impacted by stormwater issues and, as a result, view stormwater as a

hazard. Oppositely, residents in higher-income neighborhoods and communities, protected

against flooding and pollution issues, can take advantage of stormwater as a resource [140–
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143, 171]. We highlight these potential influences to demonstrate that, while redefining

and managing stormwater as a resource is an ideal goal, there remains multiple convergent

hydrosocial perspectives that limit this transition.

Role and Responsibility of Residents and Communities

A major aspect of this shifting paradigm is the increasing involvement of residents

implementing best management practices on their properties to manage stormwater. This

push for the involvement and engagement of residents and communities has been led by

state and local governments as they perceive these efforts as necessary to meet increasingly

stringent regulatory requirements [24, 43, 44, 51–53]. Despite active outreach efforts and

policies, our research suggests that there continues to be a lack of agreement and tension

surrounding the role and responsibilities of residents and communities within stormwater

management. Across the identified factors, there were substantial differences in their per-

spectives towards the involvement of residents. Market decentralists perceive that residents

have a responsibility to manage stormwater from privately-owned property. Technocratic

opportunists have a similar perspective; however, they suggest that the role of residents is,

less of a responsibility to manage stormwater, and more of increased participation through

direct and continuous input throughout the decision making and planning process. In con-

trast, anti-market decentralists perceive residents as having little to no responsibility to

manage stormwater from privately-owned property.

We contend that currently, within this evolving stormwater paradigm, the diffusion of

responsibility for managing stormwater is being prompted by political drivers which seek

to shape the social and cultural perspectives on stormwater and stormwater management,

reminiscence of other forms of environmental citizenship [121–124]. Despite these polit-

ical influences, the involvement of residents in stormwater management remains mostly a
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novel approach due to decades of top-down, centralized infrastructure and management and

a lack of political and legal authority to mandate residents to manage stormwater emanating

from their properties. As a result, the involvement, responsibility, and role of residents re-

mains highly contentious. This is highlighted by the anti-market decentralists perspective,

which importantly, is the factor which contains the highest number of resident respondents.

This suggests that while political influences have been successful in educating residents

about stormwater, the social and cultural transition towards universal responsibility is still

debated and contested. We convey these discrepancies to suggest that political, social, and

cultural factors are influencing and driving these factors separately and differently creating

distinct hydrosocial relationships between people and stormwater. Consequently, the over-

all diffusion on responsibility of managing stormwater remains primarily on state and local

governments and the role that residents and communities can and will play in stormwater

management continues to be questioned.

Policies to Engage Residents and Communities

The final area of distinguishable differences between the factors was their perception

of the most effective policies to engage with residents and communities for stormwater

management. State and local governments are currently employing outreach programs

coupled with stormwater fees and rebate systems to educate and promote the involvement

of those outside the government. The perception of these policies was the most recognized

difference between the factors and conveys how influential these policies are in shaping and

defining the hydrosocial relationships between people and stormwater. Market decentralists

perceived the stormwater utility fee and rebate system as an effective and equitable policy

to increase the involvement of residents and communities and increase the implementation

of decentralized management practices across the landscape. Technocratic opportunists
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do not believe that the stormwater utility fee and rebate system is an effective mechanism

to promote the involvement of residents, and instead, propose that continued educational

outreach programs and more technological innovations can be more successful.

Anti-market decentralists assert that the stormwater utility fee and rebate system, in its

current iteration, is inequitable and unjust. For anti-market decentralists, the stormwater

utility fee and rebate system are simply a policy used by state and local governments to

strong-arm residents and communities to implement decentralized management practices,

diffuse responsibility onto others, and increase funding for stormwater management. This

factor perceives market-based policies as ineffective due to the overall small “return on in-

vestment” meaning that, residents either have little financial incentive to receive the rebate,

regard the time and labor necessary to do so as prohibitive, and/or do not recognize other

personal or universal benefits of doing so. These perceptions suggest that for anti-market

decentralists, the factor containing the most resident respondents, economic policies will

be insufficient to alter their perspectives and beliefs, and other, more sociocultural-oriented

techniques are needed to solicit their involvement.

Our research demonstrates that the current policies and outreach utilized by state and

local governments to engage residents and communities will continue to limit the overall in-

volvement of the public, especially private property owners. Importantly, the identification

of the anti-market decentralists perspective suggests that these market-based approaches

can be detrimental to progress and promote inequality. We argue that the stormwater fees

and rebate systems can produce uneven benefits throughout cities as higher income com-

munities can implement more stormwater BMPs on their properties (benefitting from the

increased stormwater management and auxiliary ecosystem services); while, lower-income

communities primarily pay the stormwater utility fee, rarely become involved in manag-

ing stormwater, and continue to rely on governmental interventions to be protect against

stormwater that are often insufficient ([140–143, 171]. Collectively, these insights convey
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that the policies driving individual and community involvement with stormwater manage-

ment are highly impactful on shaping the hydrosocial relationships between people and

stormwater. As a result, current and future policies must be focused on influencing socio-

cultural aspects of these relationships and continued economic approaches must consider

equity and justice concerns to ensure that the benefits of these policies are felt equally

across all stakeholders. Our research illustrates that the current approaches produce diver-

gent hydrosocial relationships and progress towards decentralization will continue to be

hindered unless newer policies are introduced.

5.5 Conclusions

This research and use of Q-methodology and hydrosocial framework has allowed for

some important insights into the social, cultural, political, and economic factors influencing

and shaping stormwater-society relationships within the shifting stormwater management

paradigm. Our research indicates that there is acknowledgement and acceptance that this

transition towards decentralization is necessary and essential. Across the identified hy-

drosocial relationships, there were converging perspectives on the need for the implemen-

tation of additional, decentralized green infrastructure and the involvement of residents

and communities in the management of stormwater. Despite this broad-scale agreement,

the use of Q-methodology allowed us to recognize and highlight areas where stakehold-

ers’ perspectives diverge. These differences across hydrosocial relationships convey areas

where changes are needed to promote alignment and cooperation between the currently

divergent perspectives. We argue that until these areas of conflict and tension are amelio-

rated, there will continue to be overall slow progress towards an overall decentralization

of stormwater governance and management. We briefly highlight two important aspects

within the shifting paradigm that can help to begin marrying the divergent hydrosocial re-
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lationships: valuing stormwater and promoting more collaborative involvement of residents

and communities within planning and decision-making for stormwater management.

The process and transition through which stormwater is valued can help progress stormwa-

ter away from being conceptualized as a “hazard” and more towards a “resource”. To value

stormwater as a “resource” in urbanized areas, there needs to be substantial changes to

types of infrastructure built and the legal structures in place regulating stormwater [11, 28].

The implementation of decentralized, green infrastructure that manage and treat stormwa-

ter on-site allow for the harvesting and beneficial utilization of stormwater, especially at

the household, residential-scale [52, 58]. Additionally, green infrastructure can provide

multitudes of auxiliary benefits, or ecosystem services, (urban heat mitigation, access to

green space, air pollution abatement, etc.) that when effectively valued can push stormwa-

ter management infrastructure to be viewed as an important resource in urban areas, rather

than a liability or necessity [24, 172, 173]. Along with decentralized, green infrastructure,

updating the legal and regulatory framework for stormwater, will be important in this tran-

sition towards stormwater as a “resource”. This will be a significant undertaking as decades

of legal structuring and resulting infrastructure has been built to manage stormwater as a

“hazard”. There have been a few examples of reworking water rights around stormwater

or rainwater; however, successful examples required years of concerted legislative efforts

and this overall re-conceptualization of stormwater as a “resource” will require an com-

plete overhaul of existing regulations [11, 113]. We argue though that until major changes

are made to the legal framework for stormwater management, the divergent hydrosocial

relationship across stakeholders and stormwater will remain.

The current policies and techniques through which residents and communities are be-

coming engaged with stormwater management must be re-evaluated and adjusted. The

current policies and programs promote divergent perspectives on how individuals and com-

munities should be involved in stormwater management. As a result, the needed decen-
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tralization and participation of individuals in managing stormwater remains actively dis-

puted. To overcome this, there must be more collaborative, participatory programs and

policies through which residents and communities can discuss their views and needs within

stormwater management to ensure that the process is not entirely technocratic and allows

for more bottoms-up approaches. This change will allow individuals to participate in defin-

ing their roles, responsibilities, and rights within stormwater management and begin to

decide the outcomes and goals of their involvement. We argue that until the involvement

of individuals and communities is designed to primarily serve the localized interests, the

involvement of those outside of the government and partnered NGOs in stormwater man-

agement will remain insufficient to progress towards broad decentralization. In conclusion,

this research has demonstrated that there needs to be significant changes within the shifting

stormwater management paradigm, to overcome the differences among the emergent hy-

drosocial relationships between stakeholders and stormwater. Our research highlights that

the need for this decentralization is agreed upon across stakeholders, but the techniques and

policies to achieve this transition is not. Two important aspects that can help to overcome

these disparities is the beginning of valuing stormwater as a “resource” effectively and pro-

moting more collaborative policies and techniques to engage individuals and communities

with stormwater management. The process towards decentralizing stormwater manage-

ment will remain inadequate to protect public and environmental health in the face of these

divergent hydrosocial relationships, unless substantial regulatory and policy changes are

supported and enacted.
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Chapter 6: Conclusions: Towards Decentralized Stormwater Management

and Applied Hydrosocial Research

6.1 Summary and Contributions

This dissertation has broadly been focused on investigating and exploring the ongo-

ing shift within stormwater management towards a more decentralized approach. The in-

terdisciplinary research conducted throughout this dissertation seeks to better understand

the two key evolving aspects of stormwater management within this paradigm shift: the

implementation of decentralized, green infrastructure and the involvement of individuals

and communities in managing stormwater. This dissertation utilizes a hydrosocial frame-

work to assess the social, political, and cultural dynamics underpinning this paradigm shift,

especially understanding the relationships between stakeholders and stormwater. In this

chapter, I will use my findings to promote more attention and discussion surrounding the

political and power dynamics within stormwater governance and management and water

governance and management, more broadly. In addition, this chapter will highlight how

the use of hydrosocial research can promote critical and useful analyses into the power

dimensions underlining water management. Finally, I use this chapter to demonstrate how

hydrosocial research can be utilized to provide actionable recommendations and applied

outcomes towards improving water management and governance, later referred to as ap-

plied hydrosocial research.
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6.1.1 Chapter 2: Investigating the Hydrologic Performance of

Decentralized Stormwater Best Management Practices at the

Treatment Train Scale

This chapter, the only non-hydrosocial research chapter, investigated the hydrologic

performance of decentralized, green infrastructure treatment trains in Clarksburg, MD. The

research within this chapter was focused on using stormwater monitoring methodology to

analyze how effectively treatment trains can hydrologically manage stormwater and the ef-

fects of precipitation dynamics on the ability of these treatment trains to manage stormwa-

ter. From this research, we demonstrated that these treatment trains are generally highly

effective at managing stormwater volumes across storm events with an average of 93% of

discharge abated. We also demonstrate that precipitation intensity was the most influential

precipitation dynamic on the performance of each treatment train. This suggests that de-

signing these treatment trains with the potential higher prevalence of higher intensity storm

events is important to ensure consistent and reliable hydrologic performance. Overall, this

chapter highlights that areas of newer development where primarily decentralized, green

infrastructure is built to manage stormwater can provide effective management. This also

suggests that the implementation of additional decentralized, green infrastructure in urban

areas can help to better hydrologically manage stormwater.

6.1.2 Chapter 3: Rethinking Stormwater: Analysis using the Hydrosocial

Cycle

This chapter introduces the hydrosocial cycle to analyze how water and society shape

each other over time. This synthetic review provides the theoretical framework for the

following two chapters which are focused on applying the hydrosocial framework to in-
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vestigate sociopolitical factors of stormwater management and governance. In particular

and most importantly, this chapter explores how the hydrosocial framework can be applied

to stormwater management in the United States. To conduct this review, two hydrosocial

case studies centered on rain and stormwater were investigated to highlight how stormwa-

ter management can benefit from a hydrosocial approach. The insights and implications

from these case studies are then applied to stormwater management by formulating key

questions that arise under the hydrosocial framework. These key questions are significant

to progressing stormwater management to more sustainable, resilient, and equitable out-

comes for environmental and public safety and health. Additionally, these key questions

provided the research hypotheses and questions for Chapters 4 and 5 of this dissertation.

Finally, this chapter frames a conversation for incorporating the hydrosocial framework

into stormwater management and demonstrates the need for an interdisciplinary approach

to water management and governance issues.

6.1.3 Chapter 4: Shifting Paradigms in Stormwater Management –

Hydrosocial Relations and Stormwater Hydrocitizenship

Arising from the hydrosocial synthetic review, questions surrounding the role and re-

sponsibility of individuals within stormwater management arose. To explore the sociopo-

litical dimensions behind the increased involvement of individuals and communities in

managing stormwater, this dissertation chapter utilized semi-structured interviews among

residents and stormwater professionals from two urban watersheds within the Maryland-

D.C metro region. Using insights from Watershed 263, Baltimore, MD and Watts Branch,

Prince George’s County, MD and Washington, DC, we assess changes in the hydroso-

cial relationships underpinning this paradigm shift including the emergence of stormwater

hydrocitizenship. We investigate stormwater hydrocitizenship as the role and responsibili-
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ties of individuals within stormwater management. We focus on the role of government

at several levels, drawing insights from the concept of biopower. The most important

and impactful finding from this chapter is that this paradigm shift and the emergence of

a stormwater hydrocitizenship remains embedded in top-down governance, which in turn

creates significant tension among different stakeholders such as residents, communities,

and governments. Arising from this critical analysis, we demonstrate how the current pro-

cesses and techniques utilized by state and local governments to involve individuals and

harness stormwater hydrocitizenship are both unsuccessful and insufficient, but also, pro-

duce inequities and conflicts in how, where, and who manages stormwater. This dissertation

highlights the usefulness of critical hydrosocial research, especially Foucauldian biopower,

to illuminate the power dynamics within dominant discourses and institutions and the way

they shape the broader water management regimes and paradigms.

6.1.4 Chapter 5: Diffusing Responsibility, Decentralizing Infrastructure:

Hydrosocial Relationships within the Shifting Stormwater

Management Paradigm

Building upon Chapters 3 and 4, this chapter seeks to explore additional hydrosocial

relationships between stakeholders and stormwater within the evolving paradigm. Through

semi-structured interviews and Q-methodology within the same two urban watersheds (Wa-

tershed 263 and Watts Branch watershed), perspectives on the evolving stormwater paradigm

among residents and stormwater professionals such as nonprofit organizations, funders,

policy makers, researchers were investigated. We evaluated differences in stakeholder per-

spectives related to who is responsible for management, the best ways to do it, and the

future of stormwater management. We identified three hydrosocial relationships that stake-

holders have with stormwater: Market Decentralists, Anti-Market Decentralists, and Tech-
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nocratic Opportunists. Across these hydrosocial relationships, we demonstrate that there

is agreement for decentralizing stormwater management through infrastructural changes

and involvement of residents and communities. Nevertheless, there remain substantial dif-

ferences in how stormwater is viewed, the role and responsibilities of residents, and the

most effective policies to engage with residents and communities. Importantly and most

impactfully, this chapter highlights how these differences represent significant hurdles to-

wards implementing decentralized infrastructure and involving residents and communities

in managing stormwater. Using these insights, this chapter focuses on the need for col-

laborative decision-making and planning in stormwater management and governance to

overcome these divergent hydrosocial relationships.

Throughout this dissertation, a hydrosocial approach was utilized to investigate the po-

litical and power dynamics underpinning the evolving stormwater management paradigm,

particularly in the Mid-Atlantic region of the United States. This dissertation was primarily

focused on applying insights derived from this research to provide actionable recommenda-

tions and suggestions towards improving stormwater management towards more sustain-

able, resilient, and equitable outcomes. As a result, this dissertation provides an ample

platform to discuss how applied hydrosocial research can be conducted and lessons learned

throughout this research process.

6.2 Need for Future Applied Hydrosocial Research

A recent editorial entitled “Too Much and Not Enough” published in Nature Sustain-

ability and written by the editors-in-chief discusses the current status of water research

[174]. This brief op-ed opens by establishing the historic progress achieved within the

studies of water and acknowledges the current epistemological position across critical wa-

ter research that water is “dynamic resource that is as much a function of social, economic
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and political choices as it is a geological and hydrological reality of life”. This is a sharp

contrast from the predominant perspectives of previous academic queries on water that di-

vorced water and society and siloed water solely within the hydrologic cycle. While this

is progress, the editorial suggests that even within this updated epistemological setting,

water research remains “stagnant” [174]. The editors use the repetitive and thematically,

methodologically, and factually, consistent submissions over the past five years to Nature

Sustainability, a highly recognized and impactful journal, as their primary evidence. They

suggest that while water research has become “more quantified and technically driven, it

has also become less grounded” and, as a result, rarely “invest[s] in new questions and

theoretical approaches” [174]. This creates an atmosphere where the majority of water re-

search strives to create “engineering solutions to water problems” that “ignore the messy

institutions, norms, and processes that underlie our relationship, as individuals and as a

society with water in the first place” [174]. The editorial concludes by asking the readers to

think about the future of water research and how we can move away from this “untenable

model” and begin the needed and intensely important research that will push the boundaries

and illuminate novel approaches and ideas on our relationship as a society with our most

important resource, water.

This dissertation provides an example of how applied hydrosocial research can begin to

push the boundaries and investigate novel approaches to understand water governance and

management. Building upon the editorial call for more critical research in water manage-

ment and governance, and using examples from this dissertation, the following section will

outline some highly important avenues for future applied hydrosocial research.
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6.2.1 Decentralization of Water Management

This dissertation research primarily centered on the overall push towards decentral-

izing stormwater management in the Mid-Atlantic region through more decentralized in-

frastructure and diffusion of responsibility of management onto individuals and commu-

nities across the landscape. This process mirrors a larger push towards the decentraliza-

tion of water management both across various types of waters and geographic regions

[42, 59, 120, 175]. As shown throughout this dissertation, the process of decentraliza-

tion raises a host of questions concerning the techniques and policies utilized to transition

towards a more decentralized form of management. In Chapters 4 and 5, we demonstrated

that within stormwater management, the governmental-based policies enacted to increase

decentralization tend to produce conflicts, tensions, and inequities. It is important that

as more decentralized forms of water governance and management arise, we consider the

ways in which power and politics dictate who benefits from this decentralization, who is

burdened, and why. Applied hydrosocial research can begin to investigate and unearth

these processes and ensure that as water management and governance become more de-

centralized, we find processes and outcomes that benefit everyone and the environment,

equally.

6.2.2 Neoliberalization of Water Resources

Alongside the broad decentralization of water governance and management is the com-

plementary push towards neoliberal forms of management. As a result, there has been an

increase in recent scholarship focused on the neoliberalization of water resources [86, 121,

133, 170, 176–178]. To a lesser extent throughout this dissertation, we have demonstrated

how market-based mechanisms and overall neoliberal techniques have been primarily uti-

lized to transition stormwater management into the new decentralized paradigm. Within
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Chapters 4 and 5, we have shown how these neoliberal policies are ineffective, but also,

have the potential to create public and environmental health inequities, especially in ur-

ban landscapes which are highly heterogeneous in how and where stormwater is managed.

These insights demonstrate that neoliberalization of water resources tends to entail dis-

tinct adjustments in power dynamics and relationships between stakeholders and water.

This tends to further reinforce dominant structures of management which scholars have

shown to be detrimental to public and environmental health [133, 176]. As more neoliber-

alized forms of water governance and management evolve, applied hydrosocial research is

needed to examine the geometries of power at play and the potential for these policies and

processes to exacerbate inequities and obfuscate environmental damages [133, 176].

6.2.3 Citizenship and Hydrocitizenship

Coupled with decentralizing and neoliberalizing water governance has been an increase

in citizenship related individuals’ involvement with water resources and management. Re-

search focused on the techniques and policies influencing and shaping these forms of hy-

drocitizenship has recently increased in prevalence [10, 113, 121, 123, 124]. Within Chap-

ter 4 of this dissertation, we concentrated our research on understanding the hydrosocial

dynamics involved in the production and influx of stormwater hydrocitizens. This analysis

demonstrated that, while the production of hydrocitizenship can be highly beneficial and

favorable for stormwater management, the current processes and techniques utilized by

state and local governments are highly ineffective and are the source of significant tensions

and conflicts. As citizenship becomes more and more intimately linked with water manage-

ment, we must be aware and cognizant of how hydrocitizenship is controlled and dictated

by entities in power [11, 32, 131, 132, 179, 180]. Applied hydrosocial research provides

an excellent platform and framework to investigate how, where, and why hydrocitizenship
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arises. In addition, through this research we can suggest how hydrocitizenship improves

the livelihood of individuals and communities and how can governments and hydrocitizens

can share decision-making power within a more decentralized form of water governance?

6.3 Final Thoughts

Overall, these three areas convey the need for more critical, interdisciplinary water re-

search and highlight how research within these avenues can begin the process towards more

sustainable, resilient, and equitable water governance and management. As the authors of

the Nature Sustainability editorial suggests only by engaging with these “messy institu-

tions, norms, and processes” can we begin to make meaningful and impactful change. I

am highly optimistic that there will be a greater influx of applied hydrosocial research, like

this dissertation, and that research like this will be more readily incorporated into decision-

making and planning. I hope that this dissertation can be motivation and a template for

those wishing to embark in similar research.
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Appendix A: Treatment Train Monitoring Maps, Figures, and Tables

Figure A.1: GIS map of Pond 1 subwatershed that depicts the drainage area for each stormwater
BMP, the arrangement, and the connectivity of the BMPs within each subwatershed. This maps also
highlight the flow paths or sewershed within each subwatershed where all stormwater that does not
evapotranspirate or infiltrate into the soil surface and groundwater exits the subwatershed via the
outfall of the terminal dry detention pond of that subwatershed.
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Figure A.2: GIS map of Pond 2 subwatershed that depicts the drainage area for each stormwater
BMP, the arrangement, and the connectivity of the BMPs within each subwatershed. This maps also
highlight the flow paths or sewershed within each subwatershed where all stormwater that does not
evapotranspirate or infiltrate into the soil surface and groundwater exits the subwatershed via the
outfall of the terminal dry detention pond of that subwatershed.

Figure A.3: GIS map of Pond 6 subwatershed that depicts the drainage area for each stormwater
BMP, the arrangement, and the connectivity of the BMPs within each subwatershed. This maps also
highlight the flow paths or sewershed within each subwatershed where all stormwater that does not
evapotranspirate or infiltrate into the soil surface and groundwater exits the subwatershed via the
outfall of the terminal dry detention pond of that subwatershed.
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Figure A.4: A Thel-Mar volumetric weir mounted within the outfall pipe of terminal dry detention
Pond 6 along with the water level pressure transducer, within a protective PVC housing, mounted
six feet into the pipe behind the volumetric weir.

Figure A.5: A tippet bucket rain gauge and atmospheric pressure transducer, placed within a pro-
tective PVC housing, mounted to a fence post within an open field approximately 100 yards from
the outfall of terminal dry detention Pond 6.
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Figure A.6: Log-Log Scatter Plots and Linear Regressions of Normalized Discharge (cf/ac) versus
Precipitation Amount (in) for each storm event across each treatment train. Pond 1 is shown in red;
Pond 2 is shown in green; and Pond 6 is shown in blue.

Figure A.7: Log-Log Scatter Plots and Linear Regressions of Normalized Discharge (cf/ac) versus
Precipitation Intensity (in/hr) for each storm event across each treatment train. Pond 1 is shown in
red; Pond 2 is shown in green; and Pond 6 is shown in blue.
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Figure A.8: Log-Log Scatter Plots and Linear Regressions of Normalized Discharge (cf/ac) versus
Precipitation Amount (in) for each storm event across each treatment train. Pond 1 is shown in red;
Pond 2 is shown in green; and Pond 6 is shown in blue.

Figure A.9: Log-Linear Scatter Plots and Linear Regressions of Discharge Abatement (%) versus
Precipitation Amount (in) for each storm event across each treatment train. Pond 1 is shown in red;
Pond 2 is shown in green; and Pond 6 is shown in blue.
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Figure A.10: Log-Linear Scatter Plots and Linear Regressions of Discharge Abatement (%) versus
Precipitation Amount (in/hr) for each storm event across each treatment train. Pond 1 is shown in
red; Pond 2 is shown in green; and Pond 6 is shown in blue.

Figure A.11: Log-Linear Scatter Plots and Linear Regressions of Discharge Abatement (%) versus
Antecedent Dry Days for each storm event across each treatment train. Pond 1 is shown in red;
Pond 2 is shown in green; and Pond 6 is shown in blue.
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Figure A.12: Logistic regression on the probability of discharge (streamflow event) versus Precip-
itation Amount (in). Pond 1 is shown in red; Pond 2 is shown in green; and Pond 6 is shown in
blue.

Figure A.13: Logistic regression on the probability of discharge (streamflow event) versus Precipi-
tation Intensity (in/hr). Pond 1 is shown in red; Pond 2 is shown in green; and Pond 6 is shown in
blue.
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Figure A.14: Logistic regression on the probability of discharge (streamflow event) versus An-
tecedent Dry Days. Pond 1 is shown in red; Pond 2 is shown in green; and Pond 6 is shown in
blue.

Table A.1: Results from the multiple linear regression process for each treatment train across all
storm events for normalized discharge versus precipitation dynamic variables (precipitation amount
(in), precipitation intensity (in/hr), and antecedent dry days (days)). Regression variable slopes,
adjusted R2 value, and F statistic is reported for each regression. ** conveys variable statistically
significant at p <0.01 and * conveys variable significant at p <0.05.

Treatment
Train Intercept Precip. Precip. Int. ADD Adj.

R2 value F-statistic

Pond 1 -165.25 519.10** 246.15 -1.50 0.3744 14.76
Pond 2 -100.32 468.56** 281.77 -3.41 0.5368 22.25
Pond 6 -219.54 629.03** 365.98* -0.10 0.5464 28.71
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Appendix B: Rainfall and Storm Discharge Data from Monitoring Study

Table B.1: Precipitation data from all seventy storm events

sampled throughout the monitoring period.

Storm

Date

Total

Precip.

(in)

Precip.

Time

(hrs)

Precip.

Intensity

(in/hr)

Antecedent

Dry Days

(days)

12520 1.51 8.25 0.18 5.8

20520 1.11 36.50 0.03 11.6

21020 0.53 22.50 0.02 3.3

31320 0.33 2.75 0.12 10.1

31820 0.63 8.75 0.07 3.6

41420 0.25 4.50 0.06 1.5

42420 0.68 18.25 0.04 8.6

42620 0.40 8.75 0.05 1.6

43020 1.57 18.75 0.08 3.5

60420 2.92 23.00 0.13 5.8

61020 1.38 15.00 0.09 5.0

61920 0.49 1.00 0.49 1.3

62220 0.72 5.25 0.14 2.8
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62520 0.60 1.00 0.60 1.8

70120 0.47 1.25 0.38 5.3

71020 0.67 1.25 0.54 3.1

71220 0.89 3.00 0.30 1.7

72220 0.21 3.00 0.07 9.8

80420 2.00 19.00 0.11 3.3

81220 0.24 3.00 0.08 6.6

82920 1.56 21.50 0.07 4.9

90320 1.29 1.25 1.03 0.8

101120 1.15 16.50 0.07 6.5

52821 0.91 18.00 0.05 4.0

60321 0.82 3.00 0.27 5.3

61121 0.42 5.25 0.08 7.0

61421 0.33 1.00 0.33 1.3

62121 0.60 4.75 0.13 6.8

70121 0.62 11.75 0.05 9.1

71721 0.35 5.50 0.06 7.4

80121 0.24 0.50 0.48 3.4

81021 1.88 1.00 1.88 8.8

81321 0.36 0.75 0.48 2.9

81621 0.93 9.25 0.10 3.1

81821 0.15 1.50 0.10 1.4

90121 1.79 19.50 0.09 1.3

90921 1.54 4.75 0.32 7.2
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91621 0.37 4.25 0.09 6.8

92321 2.59 9.25 0.28 6.2

30220 0.2 0.08 4.75 4.75

30620 0.07 0.01 3.68 3.68

32320 0.14 0.02 3.91 3.91

41820 0.05 0.01 3.13 3.13

50320 0.29 0.1 2.89 2.89

50620 0.4 0.02 1.85 1.85

50820 0.3 0.03 1.89 1.89

70720 0.23 0.02 3.03 3.03

72220 0.21 0.02 9.84 9.84

72320 0.3 0.03 1.07 1.07

73120 0.68 0.06 4.7 4.70

81220 0.24 0.02 5.75 5.75

81320 0.14 0.01 0.38 0.38

81420 0.11 0.01 1.55 1.55

81520 1.15 0.11 0.88 0.88

81920 0.29 0.03 2.92 2.92

82320 0.23 0.02 4.38 4.38

91020 0.52 0.05 6.67 6.67

92520 0.26 0.02 15.24 15.24

92920 0.41 0.04 3.72 3.72

100220 0.08 0.01 1.93 1.93

105020 0.11 0.01 2.88 2.88
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102920 1.49 0.14 3.38 3.38

110120 0.22 0.02 2.76 2.76

61321 0.28 0.03 1.72 1.72

70921 0.43 0.04 0.99 0.99

72821 0.42 0.04 11.03 11.03

82021 0.73 0.07 1.49 1.49

82521 0.18 0.02 5.47 5.47

82821 0.2 0.02 2.98 2.98

83020 0.16 0.01 1.92 1.92

Table B.2: Discharge and Normalized Discharge from all

seventy storm events sampled throughout the monitoring pe-

riod.

Storm

Date

Discharge

Pond 1

(cfs)

Normal

Discharge

Pond 1

(cf/ac)

Discharge

Pond 2

(cfs)

Normal

Discharge

Pond 2

(cf/ac)

Discharge

Pond 6

(cfs)

Normal

Discharge

Pond 6

(cf/ac)

12520 6662.16 740.24 9918.15 1012.06 5666.63 337.30

20520 544.72 60.52 1846.79 188.45 2652.96 157.91

21020 0.00 0.00 638.01 65.10 1390.26 82.75

31320 0.00 0.00 0.00 0.00 635.30 37.82

31820 6.08 0.68 1318.55 134.55 444.68 26.47

41420 0.00 0.00 2723.40 277.90 0.00 0.00

42420 0.00 0.00 439.15 44.81 0.00 0.00
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42620 0.00 0.00 431.50 44.03 0.00 0.00

43020 1312.43 145.83 5677.12 579.30 3734.16 222.27

60420 14212.97 1579.22 20695.80 2111.82 45545.27 2711.03

61020 584.14 64.90 5660.33 577.59 9914.55 590.15

61920 1231.69 136.85
Displaced

Weir

Displaced

Weir
735.17 43.76

62220 1204.71 133.86
Displaced

Weir

Displaced

Weir
3061.84 182.25

62520 12083.78 1342.64
Displaced

Weir

Displaced

Weir
24800.01 1476.19

70120 0.00 0.00
Displaced

Weir

Displaced

Weir
255.78 15.22

71020 133.60 14.84
Displaced

Weir

Displaced

Weir
271.65 16.17

71220 448.79 49.87
Displaced

Weir

Displaced

Weir
885.91 52.73

72220 0.00 0.00
Displaced

Weir

Displaced

Weir
826.08 49.17

80420 3087.39 343.04
Displaced

Weir

Displaced

Weir
11933.81 710.35

81220 0.00 0.00
Displaced

Weir

Displaced

Weir
958.57 57.06

82920 1187.43 131.94 2719.95 277.55 6438.15 383.22

145



90320 6889.36 765.48
Displaced

Weir

Displaced

Weir
15406.94 917.08

101120 0.00 0.00
Displaced

Weir

Displaced

Weir
3813.58 227.00

52821 3098.14 344.24 3317.00 338.47 2878.61 171.35

60321 2636.48 292.94 1790.91 182.75 2288.79 136.24

61121 0.00 0.00 1061.96 108.36 0.00 0.00

61421 2202.40 244.71 4218.79 430.49 2057.11 122.45

62121 630.48 70.05 677.07 69.09 95.48 5.68

70121 1496.40 166.27 1730.49 176.58 477.72 28.44

71721 264.62 29.40 3446.18 351.65 808.79 48.14

80121 679.74 75.53 1482.00 151.22 1605.53 95.57

81021 7278.00 808.67 11069.05 1129.50 22470.69 1337.54

81321 1840.25 204.47 6147.17 627.26 14053.83 836.54

81621 19135.11 2126.12 14564.60 1486.18 25208.17 1500.49

81821 0.00 0.00 155.46 15.86 1191.29 70.91

90121 42.75 4.75 2588.12 264.09 5253.05 312.68

90921 11363.76 1262.64
Displaced

Weir

Displaced

Weir
19575.00 1165.18

91621 479.09 53.23
Displaced

Weir

Displaced

Weir
6172.80 367.43

92321 29592.53 3288.06
Displaced

Weir

Displaced

Weir
49685.70 2957.48

30220 0.00 0.00 0 0 0.00 0.00
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30620 0.00 0.00 0 0 0.00 0.00

32320 0.00 0.00 0 0 0.00 0.00

41820 0.00 0.00 0 0 0.00 0.00

50320 0.00 0.00 0 0 0.00 0.00

50620 0.00 0.00 0 0 0.00 0.00

50820 0.00 0.00 0 0 0.00 0.00

70720 0.00 0.00 0 0 0.00 0.00

72220 0.00 0.00 0 0 0.00 0.00

72320 0.00 0.00 0 0 0.00 0.00

73120 0.00 0.00 0 0 0.00 0.00

81220 0.00 0.00 0 0 0.00 0.00

81320 0.00 0.00 0 0 0.00 0.00

81420 0.00 0.00 0 0 0.00 0.00

81520 0.00 0.00 0 0 0.00 0.00

81920 0.00 0.00 0 0 0.00 0.00

82320 0.00 0.00 0 0 0.00 0.00

91020 0.00 0.00 0 0 0.00 0.00

92520 0.00 0.00 0 0 0.00 0.00

92920 0.00 0.00 0 0 0.00 0.00

100220 0.00 0.00 0 0 0.00 0.00

105020 0.00 0.00 0 0 0.00 0.00

102920 0.00 0.00 0 0 0.00 0.00

110120 0.00 0.00 0 0 0.00 0.00

61321 0.00 0.00 0 0 0.00 0.00
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70921 0.00 0.00 0 0 0.00 0.00

72821 0.00 0.00 0 0 0.00 0.00

82021 0.00 0.00 0 0 0.00 0.00

82521 0.00 0.00 0 0 0.00 0.00

82821 0.00 0.00 0 0 0.00 0.00

83020 0.00 0.00 0 0 0.00 0.00
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Appendix C: Code System and Code Book for Coding Analysis of Semi-

Structured Interviews

Table C.1: Code Table and Coding System for Semi-Structured Interviews

Code Name # of Statements
1. Discipline of Stormwater Management 276
2. Biopolitics of Stormwater Management 261
3. Responsibility to Manage Stormwater 135
4. Opportunities for Stormwater Management 154
5. Personal Management of Stormwater 52
6. Definition of Stormwater 13
7. Motivation to Manage Stormwater 55
8. Stormwater Management Practices 156
9. Obstacles to Stormwater Management 312

1. Discipline of Stormwater Management

Discipline is the mode of governmentality through which governments seek to produce

behaviors and practices by individuals typically through influencing the ways in which

individuals relate to and view the world, typically to correspond with governance goals and

objectives.

2. Biopolitics of Stormwater Management

Biopolitics typically utilizes “statistical approaches and quantitative metrics, to make vis-

ible the broader patterns beneath the surface of the everyday world”. Under biopolitics,

governments attempt to reduce natural and social phenomena into a single assemblage that

can be quantified, predicted, and modeled or more simply – “reduce the signal from the
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noise”. Through biopolitics, governments do not try to regulate individual behavior but

render them quantifiable allowing for the manipulation and operation of the system itself

as a single entity.

3. Responsibility to Manage Stormwater

Who is responsible for managing stormwater? What factors influence this responsibil-

ity? Especially interested in understanding the difference is responses between stakeholder

groups and how each respondent justifies their responsibility allocation. What does the

perceived responsibility of stormwater management describe, in terms, of the hydrosocial

relationship among residents, government, and stormwater management?

4. Opportunities for Stormwater Management

What opportunities do the respondents discuss for stormwater management? What is the

future of stormwater management? Is there a difference between the opportunities high-

lighted by stakeholder groups? What do the opportunities discussed describe about their

views on stormwater, stormwater management, and the future?

5. Personal Management of Stormwater

How does each respondent personally manage stormwater on their property? Which BMPs

do they talk about and use? Do stakeholder groups talk about and manage stormwater

differently on their personal property? The way in which respondents manage stormwa-

ter on their own property can illuminate their personal relationship with stormwater and

stormwater management.

6. Definition of Stormwater

What is stormwater? A nuisance, pollutant, resource? How do respondents talk about

stormwater, as something that needs to be managed, or as an under-utilized resource? Are

there differences between how Stakeholder groups talk about stormwater? Words, phrases

to describe stormwater can illuminate perceptions and underlying causes of these percep-

tions about stormwater and stormwater management.
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7. Motivation to Manage Stormwater

What is the motivation described by each respondent to manage stormwater? Are these mo-

tivations different between stakeholder groups? What is the motivation to manage stormwa-

ter at the residential (individual) level? Examples: manage household flooding, improve

neighborhood/community wellness and health, improve waterways, meet permitting regu-

lations, be ethical environmental citizens. The motivation to partake in stormwater man-

agement as a resident and the motivation of stakeholder to push for residential/individual

involvement can illuminate how each perceives stormwater and stormwater management.

8. Stormwater Management Practices

What are the stormwater management practices being utilized or discussed by each respon-

dent? Are they strictly for stormwater management or provide auxiliary benefits? Is there

a difference in stormwater management practices and techniques being discussed among

stakeholder groups? What does the practices that each respondent discusses tell us about

their relationship with stormwater and stormwater management? The practices being cited

by each respondent and each group can tell us how they view their responsibility and place

within stormwater management.

9. Obstacles to Stormwater Management

What are the impediments, obstacles, and barriers to residential stormwater management?

Are these perceived obstacles similar or different between stakeholder groups? What does

the perceived obstacles to residential stormwater management tell us about their relation-

ship and view of stormwater and stormwater management? Examples: insufficient funding

for implementation and maintenance, lack of knowledge and expertise, not enough ongoing

support for maintenance, insufficient physical room for implementation of BMPs, lack of

desire or willpower.
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Appendix D: Q-Methodology Concourse Statements, Survey Questions,

and Figures

Figure D.1: Total count for each concourse statement of agree (+1, +2, +3) and disagree (-1, -2,
-3) for all respondents. Dashed gray line represents half of the respondent pool. Statements agreed
upon are outlined in green and statements disagreed upon across respondents are outlined in red
– these statements were highlighted if greater than half of the respondents ranked the statement
similarly.
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Table D.1: Concourse statements paraphrased and created from content analysis of forty-two semi-
structured interviews with stormwater professionals and residents in Watts Branch watershed and
Watershed 263. These are the statements utilized for the Q-sort survey.

1. Stormwater is an important resource in urban environments.
2. Stormwater is a hazard to public and environmental health.

3. Stormwater is most effectively managed through large-scale
centralized projects that capture and treat stormwater.

4. Stormwater is most effectively managed through small-scale,
decentralized green infrastructure.

5. The government should be solely responsible to manage stormwater.

6. All property owners should be responsible for the stormwater
emanating from their property.

7. Local landowners lack the knowledge to effectively participate in
stormwater management planning.

8. All stormwater planning and management decisions should be made
with direct and continuous input from local landowners.

9. Stormwater fees are necessary to ensure that cities and local governments
have the funding required to effectively manage stormwater.

10.
Stormwater fees have a negative connotation due to the inequity in who
pays, how much each landowner pays, and how the revenues from the fees
are utilized.

11. The stormwater fees and rebate systems promote the implementation of
stormwater management practices on private land.

12.
A stormwater fee and rebate systems are inherently unjust and inequitable
due to the inability for lower income landowners from either
paying the fee or implementing practices to receive rebates.

13. The future of stormwater management must be driven by technological
innovations and scientific research.

14. The future of stormwater management must contain a mixture of both
centralized and decentralized infrastructure.

15. The future of stormwater management must be decentralized and use
small-scale infrastructural practices.

16. The best way to improve stormwater management is through updating
existing large-scale, centralized infrastructure.

17. The best way to improve stormwater management is through the
adoption of small-scale, decentralized practices.

18. The best way to improve stormwater management is through increased
regulation and market-based approaches.

19. The best way to improve stormwater management is through education
and outreach.
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Table D.2: Initial and Follow-up survey questions asked of each respondent through the online
QMethod software. The initial survey questions were mandatory, while the follow-up questions
were optional.

Initial Survey Questions
Question Answer Type
Which watershed do you
more closely identify with?

Watershed 236 or
Watts Branch watershed

Do you live in Watershed 263 or
Watts Branch Watershed? Yes or No

Do you work within Watershed 263 or
Watts Branch Watershed? Yes or No

Stormwater is part of your daily life?
(0=no, 10=everyday) Slider from 0-10

Follow-up Survey Questions
1. How difficult was the Q-sort survey?
2. What statement did you least agree with (-3) and why?
3. Which statement did you most agree with (+3) and why?

4. If you could change where you placed one statement,
where would you place it and why?

5. Any other general comments you have about how you sorted
the statements?
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Figure D.2: Total count for each concourse statement of agree (+1, +2, +3) and disagree (-1, -2,
-3) for stormwater professionals and residents. Dashed gray line represents half of the respondent
pool for that group. Statements agreed upon are outlined in green and statements disagreed upon
across respondents are outlined in red – these statements were highlighted if greater than half of the
respondents ranked the statement similarly.
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