UC Berkeley

UC Berkeley Electronic Theses and Dissertations

Title
Bridging community knowledge and big data towards environmental justice

Permalink
bttgs:ggescholarshiQ.orgéucgitem44wr326gg
Author

Karasaki, Seigi

Publication Date
2024

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/4wr3z6pd
https://escholarship.org
http://www.cdlib.org/

Bridging community knowledge and big data towards environmental justice

by

Seigi Karasaki

A dissertation submitted in partial satisfaction of the
requirements for the degree of
Doctor of Philosophy
in
Energy and Resources Group
and the Designated Emphasis
in
Development Engineering
in the
Graduate Division
of the

University of California, Berkeley

Committee in charge:

Professor Isha Ray, Co-chair
Professor Rachel Morello-Frosch, Co-chair
Professor Charisma Acey
Professor Duncan Callaway

Spring 2024



Bridging community knowledge and big data towards environmental justice

Copyright 2024
by
Seigi Karasaki



Abstract
Bridging community knowledge and big data towards environmental justice
by
Seigi Karasaki
Doctor of Philosophy in Energy and Resources Group
and the Designated Emphasis in
Development Engineering
University of California, Berkeley
Professor Isha Ray, Co-chair

Professor Rachel Morello-Frosch, Co-chair

Environmental burdens have repeatedly been shown to concentrate in low-income and/or
communities of color, and disagreement persists on how these inequalities should be under-
stood and addressed. Navigating these disagreements has been a long-standing struggle for
environmental justice (EJ) communities and researchers as they interact with polluters and
the state. My dissertation is about environmental justice, three of the “main players” (the
state, communities, and researchers), and how two emerging research methods (“big data”
and community-engaged research) are shaping how these players interact and leverage sci-
ence to inform and advocate for policy change. My motivation is to develop new research
tools and methods to characterize uneven burdens of environmental health hazards more
responsibly. I bridge participatory research methods and machine learning to explore the
benefits of and challenges to bringing together community knowledge and big data in envi-
ronmental justice research. I structure my dissertation around two research questions: (1)
what might researchers’ “due diligence” look like when applying machine learning models to
environmental justice questions; and (2) how do modern tools in the environmental justice
toolbox - namely, big data analyses, predictive modeling, and interactive mapping — assist
or obstruct the success of hyper-local environmental justice priorities and agendas?

In recent years, the popularity of “big data” and machine learning algorithms has spread from
disciplines such as computer science and medicine to research on environmental monitoring
and justice. These methods — and in particular, their predictive power — offer resource-
efficient approaches to environmental justice-motivated questions, especially given the re-



source constraints of grassroots activists and their government counterparts. They come
with caveats, however, as researchers in other fields have demonstrated how algorithms can
further entrench structural inequalities. Learning about such findings pushed me to think
critically about the implications of applying similar black box predictive models to environ-
mental justice contexts. To address question (1) above, I present a case of machine learning
for environmental justice: predicting water quality violations in community water systems
across California. I then reflectively de-construct this model and its findings to evaluate
potential implications if this algorithmic approach were to be implemented. The result is
a well-performing (highly accurate) model for water quality violations in California, paired
with a set of recommendations for future environmental justice research utilizing machine
learning. In short, my recommendations are to transparently report and discuss the (so-
ciodemographic) characteristics of communities that the model accurately and inaccurately
predicts for, and to assess the effects of different input and output variable choices for po-
tentially biasing the model. I conclude with a statistical-based approach that researchers
might take to reduce the bias in their outcomes.

To address question (2), I bring big-picture algorithmic approaches in conversation with
community engaged research through a practice brief on participatory science. The case for
community engagement in research is based on the premise that communities possess knowl-
edge of local environmental health risks that have historically been overlooked by regulatory
agencies and academics. Over the past three years, I have been involved in two projects with
EJ partners (Toxic Tides and the Drinking Water Tool) that blend community participation
with modern tools in the EJ toolbox - large scale datasets, predictive models, and mapping.
I am both proud of and grateful for the experience of working together with environmen-
tal justice groups on these projects. The practice brief — chapter six of this dissertation
— summarizes the ways in which our state-EJ organization-academic collaboration helped
strengthen our science and ultimately advance our environmental justice goals.

My dissertation follows the “three paper” format, and is comprised of three manuscripts
- one published, and two in peer-review (at the time of filing). Chapter one is the intro-
duction chapter, in which I go over the narrative arc of my dissertation. Chapter two is a
critical review of primary data-studies on environmental justice and drinking water. This
was my first first-author publication, and has played a big role in how I think about and
understand secondary data. In chapter three of my dissertation, I set the stage for my re-
search through a perspective piece on the emerging and growing use of machine learning
methods in environmental justice research. (I have also submitted this piece to a journal,
but it is only being looked at by the editors, and will not go through a formal peer-review
process.) In chapter four, I present the findings of a quantitative analysis using machine
learning to predict drinking water quality in California. In chapter five, I offer a reflexive
take on my machine learning approach, outlining how different upstream decisions resulted
in demographic shifts on who the model was right or wrong about. Finally, in chapter six, I
conclude with a practice brief reflecting on the work done by the Water Equity Science Shop


https://coastal.climatecentral.org/map/6/-119.3066/37.419/?theme=flood_threats&map_type=toxic_tide_facilities
https://drinkingwatertool.communitywatercenter.org/

— a research collaborative comprised of an environmental justice community-based organiza-
tion (the Community Water Center), research groups at UC Berkeley and UCLA, and the
Cal EPA’s Office of Environmental Health Hazard Assessment — as a practical contribution
to theoretical discourse on community-engaged research and environmental justice.

In summary, I explore the opportunities and tensions of two popular approaches to environ-
mental justice research: large scale predictive analysis and community-engagement. Both are
powerful and compelling tools for furthering environmental justice research and empowering
environmental justice communities, but they come with their caveats, and due diligence is
required on the part of the researcher. My hope is that my research helps make these caveats
both more legible and manageable to future researchers and their environmental justice col-
laborators. The longer-term motivation of my work is to inform efforts to connect state
resources to on-the-ground community needs.
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Chapter 1

Introduction

This dissertation is on how two environmental justice research methods — data science and
community-engaged research — bring the state, affected communities, and researchers to-
gether in the scientific enterprise. In this Introduction, I present the narrative arc of my
PhD dissertation. I begin with a brief note on my background prior to entering the Energy
and Resources Group (herein ERG). I follow this with my motivation for studying environ-
mental justice (EJ), and why I became interested in (and have chosen to center in my own
projects) participatory methods and machine learning as emerging aspects of environmen-
tal justice research. I conclude with an organizational overview of my chapters and their
contributions.

1.1 Coming into ERG

Prior to coming to Berkeley, I enrolled in a master’s program at the University of Tokyo.
The department’s name roughly translated into “International Studies” (P& 712251,
kokusai kyoryoku gaku senko) within the “Graduate School of Frontier Sciences” (HT %k
Bl AR 2= F 7€), shin-ryoiki soseikagaku kenkytika). Following a year of living in the Hui
Autonomous Region (on the northern tip of the Gobi desert in China), I was interested in the
relationship between water access, water management institutions, and state interventions.
Specifically, I was skeptical about some research findings claiming a “steady spread” of water
management reform in northern China, and wanted to take a closer look at the extent to
which these institutional reforms were actually taking place. I reached out to a researcher
on the paper above, who assured me I would have access to their dataset.

Halfway through my program, the contact abruptly retracted their offer to share data,
and I was left with the decision to postpone my graduation by a year or to pivot to a research
topic with less fieldwork. It was in this scramble that I happened upon Professor Isha Ray’s
work with then-student Carolina Balazs on drinking water access and EJ in the San Joaquin
Valley. As someone born and raised in California, I was stunned and embarrassed; how had
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I been so unaware of injustices happening just a couple hours from where I was born? As
I learned more about what was happening in the Valley, I realized a strong, visceral desire
to have both my research and professional identity be tied to the issues in California (“at
home”) than anywhere else. Nearly a decade later, I'm both happy and proud to say that I
have been able to identify, define, and develop the intellectual identity that I was looking for
when [ arrived at ERG. Drinking water was my entryway into environmental justice work
and is what I am most familiar with, but I am deeply aware that it is just one of many
injustices that fenceline communities face every day. This dissertation reflects my journey to
nurture an ability to listen to community voices and to translate their lived experiences into
models, maps, and research designs, all to push the needle towards a more environmentally
just future.

1.2 Why environmental justice?

The motivating force behind my research is the existence of uneven burdens of and exposures
to environmental health hazards. I chose to situate my work within the academic discipline of
EJ because I believe its explicit orientation towards social justice is conducive for transparent
and accountable community-based research. At its core, EJ is grounded in the principle that
all people deserve access to a healthy and safe environment where they “live, work, and
play” (Alston |1991)). The environmental justice movement emerged and gained momentum
in the 1980s in protests of concentrated siting of hazardous waste facilities in under-served
communities (Bullard |1990). The academic arm of the movement has since been occupied
with developing an evaluative framework to identify the drivers of environmental injustice
to inform policies meant to address them (Cutter 1995; Pellow [2000; Schlosberg 2004).
Originally at the margins of environmentalism, EJ has gradually become more mainstream,
reflected in its formal integration into multiple levels of government and policy (Taylor 2000)).

Although environmental burdens have repeatedly been shown to concentrate in low-
income and/or communities of color, there is disagreement on how these inequalities should
be addressed, or whether unequal patterns are symptomatic of unjust or racist drivers and
policies (Holifield [2001)). Navigating and resolving these disagreements has been a long-
standing struggle for EJ communities, coalitions, and researchers. As someone interested in
studying the structural mechanisms of injustice, I wanted to balance my work between the
questions of how and why injustices develop and persist, and what should be done to address
them. This led me to focus primarily on two methods of data collection and analysis that
often operate on opposite ends of the spatial spectrum in EJ research: participatory research
and predictive machine learning analysis.
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1.3 Why participatory research?

In what I see as an effort to address disagreements between communities, coalitions, and
researchers, participatory research has risen in popularity as a research framework in EJ
and public health work for its emphasis on both elevating and integrating the affected com-
munity’s voice into the research process. The EJ praxis of approaching and maintaining
community-researcher relationships draws from the literature on participatory research — an
umbrella term for a collection of approaches that actively incorporate stakeholders into the
research design to “democratize the knowledge creation process” (Cargo and Mercer 2008)).
All forms of participatory research converge on how they challenge the norms of research de-
sign, from reimagining participation to turn research subjects into partners, to de-elevating
researcher positionality as the “educated expert,” to redistributing power through more eq-
uitable and transparent research collaborations. This emphasis on researcher positionality
resonated with my own pursuit to develop a cohesive, personal research philosophy.

In EJ research, the case for community involvement is based on the premise that EJ
communities possess knowledge of local environmental health risks that have historically
been overlooked by regulatory agencies, public health practitioners, and academics. Corburn
(2003) was one of the earlier voices to argue for incorporating local knowledge into EJ
research frameworks to augment professional knowledge. While there are many reasons
to fold participatory methods into research frameworks, it is not without its challenges.
Examples include the selection of the research question (how community-driven can a project
be if the research question came from the outside?), differential timelines and priorities (e.g.,
finite funding horizons, or the academic push to publishing peer-reviewed papers over on-
the-ground action), or when study findings do not resonate with local knowledge or validate
on-the-ground experiences (Minkler 2004). For all its strengths, participatory methods do
not guarantee “good” or “positive” research outcomes; it requires much thoughtfulness and
care to be implemented well.

There were a few areas of theoretical “fuzziness” which I was particularly interested
in exploring through my time at ERG. For one: even if it is not difficult to accept that
community involvement in the research process is often desirable, the question of how to
determine to what extent or with what timing collaboration should take place is not clear-
cut. Good participatory research practice calls upon researchers to be mindful of community
capacity, the time and processes required to establish trusting, sustainable, and productive
relationships between communities and researchers, and the need to properly compensate
community members for their time and labor. Much of this dialogue focuses on how a hypo-
thetical research project should involve community partners, but few, if any, participatory
research discuss what type of research should or need not involve community collaborators.
Community involvement in participatory research is a continuum and not a binary, as it can
advance organizing goals under different forms and levels of engagement. The relevance of
these questions are thrown into sharp relief when community priorities are held up alongside
machine learning, a research method often employed with the specific purpose of extrapolat-
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ing into the “unknown” - an “unknown” which can overlap with local experiences that are
undocumented or “invisible” to the data (Borderon et al. 2021)).

This brings me to my interest in “Big Data” and predictive analysis using machine
learning.

1.4 Why big data and machine learning?

Both “Big Data” and “machine learning” (ML) have exploded in popularity and usage in
the past few decades, and are firmly rooted in a variety of disciplines ranging from computer
science to medicine (Marx 2013; Sagiroglu and Sinanc [2013]). More recently, ML’s popularity
has spread to environmental-related research, with applications including but not limited to
environmental monitoring and projections (Hino, Benami, and Brooks [2018; Rolnick et al.
2023). Omne of the strengths of these new methods is their enhanced ability to interpolate
or extrapolate information. It can also be a resource-efficient way of pushing forward EJ-
motivated work, especially given the resource constraints of on-the-ground activists. This
can be seen as an extension of “traditional” EJ work that relied on statistical methods and
spatial analyses to estimate the strength of patterns in burden distribution.

I became particularly interested in two points of inquiry regarding how ML is being
used in EJ research. The first point is the application of ML to augment EJ research. As
mentioned earlier, an advantage of these tools is in their resource efficiency, particularly
in areas that simply do not have access to the necessary time, money, or technologies to
monitor environmental indicators of concern (Lobo, Laraway, and Gadgil [2022; Mulhern et
al. 2022)). This emphasis on efficiency and increased information accessibility in the context
of constrained resources raises questions about how these tools might (or whether they can)
interface with participatory research designs. For one, it complicates the question of at
what point community voices can or should be integrated into the research process. It also
represents a departure from traditional applications of secondary data and statistics in EJ
analysis. The difference is that these past exercises were focused primarily on quantifying
relationships between known and measurable environmental conditions (e.g., toxic facility
locations or pollution levels) and community characteristics or adverse health outcomes, both
of which can be ground-truthed (Morello-Frosch et al. 2005; Sadd et al. 2014)). Much of ML’s
allure, however, lies in its predictive application for current conditions that are difficult or
cost-prohibitive to ground-truth, or future conditions that are impossible to ground-truth
now by definition. When local knowledge cannot be used to ground-truth research findings,
what are the implications for community voice and representation?

The second point of inquiry is on the topic of algorithmic bias and fairness: specifically,
the need to more carefully analyze the consequence of applying “black box” predictive models
to EJ research. There is extensive research in other fields such as medicine on how struc-
tural racism and oppression can be encoded in machine learning algorithms (Benjamin 2019;
Robinson, Renson, and Naimi [2020). I was particularly inspired by work that specifically
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evaluates the socio-demographic (e.g., racial) biases and consequences of algorithm-guided
policy, as Obermeyer et al (2019) showed with their analysis of a health system’s predictive
calculations of future patient health and cost. Given the mission of EJ and the relative
disadvantage of communities affected by its policy prescriptions, it is imperative that algo-
rithms applied in EJ-motivated work be also assessed for their potential socio-demographic
impacts.

1.5 Dissertation organization

This dissertation follows the “three paper format” of bringing together three separate manu-
scripts, with one published and two in the process of peer review (at the time of graduation).
Their shared throughlines are drinking water and environmental justice, and each engage
with the topics of participatory research and/or machine learning to varying extents. While
each paper is quite different — a literature review, an application of machine learning for en-
vironmental justice, and a practice brief (akin to a policy brief) co-authored by community
and government partners — each reflects a particular moment in my growth and develop-
ment as a scholar, and together summarize the journey I took in ERG. I am thankful for
an indebted to my coauthors for all three papers; I learned much along the way and grew
tremendously through our collaboration.

This introduction and narrative arc make up the first chapter of my dissertation. In
chapter two, I present a literature review on environmental justice studies that use primary
data to investigate issues on drinking water. Presented as a critical review drawing on
systematic review methods, we organized our results on the following questions: (1) what
sampling and data collection methods are used; (2) how is (un)just access to water defined
and measured; (3) what forms of environmental injustice are discussed; (4) how are affected
communities resisting or coping; and (5) what, if any, mechanisms of redress are advocated?
This review’s focus on primary data and environmental justice helped lay the foundation for
my understanding of the strengths and weaknesses of secondary data studies (which big data
studies are by definition). Looking back: as my first first-author paper, it was a difficult but
valuable experience.

In chapter three, I set the stage for my research concerning the growing use of machine
learning methods in environmental justice research through a short perspective piece. After
a brief description of what I see as both the promise and peril of machine learning for
environmental justice, I propose four practice recommendations for EJ scholars using ML
methods going forward. I submitted this piece as a complement to a longer and more applied
paper (chapters four and five). My motivation to write this perspective was to present a
distilled and easy-to-digest paper on why and how care should be taken when ML methods
are applied to answer EJ questions.

Chapters four and five are two halves of one paper. In chapter four, I present the
findings of a quantitative analysis using machine learning to predict drinking water quality
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in California. In chapter five, I offer a reflexive take on this machine learning approach,
outlining how different upstream decisions resulted in demographic shifts on who the model
was right or wrong about. Chapter four presents an example of how ML can be used
to extend EJ; chapter five outlines the ways in which such modeling exercises can have
unintended consequences with regards to equity and presents some practical ways in which
researchers can check for bias and unfairness in their own projects.

In chapter six, I conclude with a practice brief reflecting on the work done by the
Water Equity Science Shop — a research collaborative comprised of an environmental jus-
tice community-based organization (the Community Water Center), research groups at UC
Berkeley and UCLA, and the Cal EPA’s Office of Environmental Health Hazard Assessment
— as a practical contribution to theoretical discourse on community-engaged research and
environmental justice, grounded in a long and collaborative partnership. In this practice
brief, we reflect on how our collaboration strengthened the “4Rs” (rigor, relevance, reach,
and reflexivity) of our science.

In summary, I was able to explore the opportunities and tensions of two popular ap-
proaches to environmental justice research through my time at ERG: large scale predictive
analysis and community-engagement. Both are powerful and compelling tools for furthering
environmental justice research and empowering environmental justice communities, but they
come with their caveats, and due diligence is required on the part of the researcher. My hope
is that my research helps make these caveats both more legible and manageable to future
researchers and their environmental justice collaborators.
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Chapter 2

Environmental justice and drinking
water: A critical review of primary
data studies’

2.1 Introduction

Safe, affordable, and accessible drinking water is integral to health, dignity, and human
rights. Globally, about 2 billion people lack access to safe and affordable drinking water
(UNICEF and WHO [2019). Recent media attention on lead contamination in Flint and
wells running dry in California has elevated public awareness of drinking water injustices
in the US (Felton, Gill, and Kendall 2021; Graham 2016]). Even today, at least 500,000
US households struggle with incomplete plumbing, and over a thousand community water
systems were recently out of compliance with the Safe Drinking Water Act (Mueller and
Gasteyer [2021). These violations are even more prevalent in rural, under-resourced areas
(Patel et al. 2020). There is a substantial body of academic work using an environmental
justice (EJ) frame to understand and evaluate disparities in drinking water access. Several
review papers have synthesized theories and practices of EJ writ large (e.g., Agyeman et al.
2016; Mohai, Pellow, and Roberts |2009)), but none, to our knowledge, focus specifically on
drinking water. There are also many insightful reviews on various metrics and dimensions of
drinking water access such as affordability (e.g., Goddard, Ray, and C. Balazs 2022} Pierce
et al. |2021)), security (e.g., Hoekstra, Buurman, and Ginkel 2018; W. E. Jepson et al. 2017}
Octavianti and Staddon 2021)), rights (e.g., Sultana and Loftus 2015), sustainability (e.g.,
Mehta and Movik 2014), and environmental health (e.g., Rosinger and S. L. Young [2020;
Syafrudin et al. 2021; Ward et al. 2018), but not through a lens of environmental justice.

IThis chapter was published in the journal WIREs Water in 2014/ (DOIL: 10.1002/wat2.1653) with co-
authors Jessica Goddard, Alasdair Cohen, and Isha Ray. I am grateful for their contributions to this work,
and for their permission to use this research as a part of my dissertation.


https://wires.onlinelibrary.wiley.com/doi/full/10.1002/wat2.1653
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We evaluated studies of drinking water disparities that were explicitly framed in terms of
“Environmental Justice,” a discipline that arose at the intersection of advocacy and academia
to make visible unjust environmental risks where people “live, work, and play” (Alston 1991]).
To understand how researchers captured drinking water challenges where people “live, work,
and play”, we reviewed papers that were at least partly based on primary data collection.

To contextualize this review, we first briefly discuss the broader literature on environ-
mental justice and on EJ and drinking water specifically (Section 2). We then explain our
sample selection and methods using transparent inclusion and exclusion criteria (Section 3).
We use the following questions to organize our findings (Section 4): (1) what sampling and
data collection methods are used; (2) how is (un)just access to water defined and measured;
(3) what forms of environmental injustice are discussed; (4) how are affected communities
resisting or coping; and (5) what, if any, mechanisms of redress are advocated? In the final
segment (Section 5) we contextualize our findings within the broader literature on EJ and
drinking water: what scholars mean when they reference “drinking water justice,” what in-
justices look like, and who (if anyone) is to be held accountable. We pay specific attention to
narratives on community resistance and coping in struggles to procure and maintain drink-
ing water access, as well as to contemporary debates on the role of the state in alleviating
water injustices. We show that the three main types of injustice discussed in the literature,
i.e., distributive, procedural, recognitional, do not exist in isolation but often produce or
reinforce one another. Ultimately, this review aims to support researchers at the intersection
of EJ and drinking water in understanding critical gaps and convergences in the literature,
and to highlight the value of primary-data research.

2.2 Background

Environmental Justice

Environmental justice is grounded in the principle that all people deserve access to a healthy
and safe environment, and to be protected equally by environmental and public health laws
and regulations. From the 1980s on, building on the lessons and strategies of the Civil Rights
movement, activists and scholars have used EJ as a framework to understand how environ-
mental hazards are distributed (e.g., Bullard 1990; Christ Commission for Racial Justice
1987; McGurty 2000; S. M. Wilson et al. 2010). EJ goals are now formally integrated into
multiple levels of US government and policy (Bullard and Johnson [2000)). Definitions of EJ
vary across agencies and authors (Holifield 2001), but most interpretations converge on equal
protection against the distribution of environmental harms, and equal access to participation
in decision-making processes related to environmental hazards (Schlosberg 2004)E]

2EJ can also be centered around the distribution of disproportionate benefits or privilege, but this benefit-
oriented framing is less common (see Stewart, Bacon, and Burke |2014; Sunter, Castellanos, and Kammen
2019; Szasz and Meuser [1997)).



CHAPTER 2. LITERATURE REVIEW OF EJ AND DRINKING WATER 11

Environmental injustice occurs when a community is involuntarily subjected to dispro-
portionate environmental burdens, excluded from decision-making processes, or prevented
from seeking redress. Many earlier EJ studies investigated the first phenomenon, measuring
patterns of environmental burdens along race and class lines (e.g., Bullard and Wright |1993;
Kuehn [2000). Research on disparities across race and class have dominated the US litera-
ture, but EJ scholars and activists are also concerned with gender, ability, indigeneity, and
other axes of difference (Pellow 2017). Such selective allocation of environmental hazards
(or benefits) is referred to as distributive injustice. The lack of opportunity for affected
communities to participate in decision-making processes related to these hazards is referred
to as procedural injustice. Examples of procedural injustices include exclusion from impact
assessments of waste facility development in residential areas (Deacon and Baxter 2013)) or
inadequate representation in the formulation of climate adaptation policy (Holland 2017).
A third variant of injustice, termed recognitional, is concerned less with the distribution
of goods and services and more with the humiliation or disrespect with which minoritized
communities can be treated (Honneth [2004) As we discuss below the different

forms of injustice often co-occur, or one may lead to or exacerbate another.

Many EJ studies describe a collective victimization by a polluter, or a “bad actor” to
be held accountable. The argument is that, given a clear connection between pollution
and polluter, this actor (usually a corporation or the state) should compensate the affected
communities and/or take corrective actions. Research has highlighted the health risks of
living in proximity to known pollution sources (P. Brown [1995; Bullard and Wright [1993)),
as well as the importance of compensation from those responsible (Capek 1993). In this way,
redress by polluters, or corrective justice, has also been central to study narratives.

Beyond documenting existing injustices, EJ research also points to the structural mecha-
nisms underlying the existence and persistence of hazard distribution. Rather than proving
“discriminatory intent” (Pulido [1996]), research on structural mechanisms study the “politi-
cal economy of environmental discrimination” (e.g., segregation, suburbanization and white
flight, historical patterns of development) (R. A. Morello-Frosch [2002)). The social pro-
duction of injustices has been attributed to the racialized foundations of US society (Omi
and Winant [2014), and to ongoing inequalities among socioeconomic groups and institu-
tions (Kurtz [2009; Pulido [2000; Pulido, Kohl, and Cotton [2016)). Acknowledging historical
inequalities were also central to the evolution of recognitional justice - i.e., recognition of
diversity and group difference (Fraser 2000; Schlosberg 2004; 1. M. Young [1989). One of
the earliest declarative statements on EJ demands - The Principles of Environmental Jus-
tice (1991), from the First National People of Color Environmental Leadership Summit -
foreshadowed these insights in its call for “respect ... of our cultures, languages and beliefs
about the natural world” and “to secure our political, economic and cultural liberation that
has been denied for over 500 years of colonization and oppression.”

More recently, Global EJ and Critical EJ have emerged as extensions of EJ theory.
Global-level EJ studies emphasize structural injustices that reflect persistent power imbal-
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ances between nations (Zeitoun 2013) or between mainstream and minoritized ethnicities
(Agyeman 2001). EJ scholars, in recognition of the global scale of environmental problems,
have pushed the discipline beyond its original U.S. context (Walker 2009), while calling for
new and culturally-contextual interpretations of EJ (Alvarez and Coolsaet 2020 Schlosberg
2004} 2013). Stakeholder understandings of justice are sensitive to time and place and may
not conform to a “universal standard of justice” (Holifield 2001; Minkler et al. 2008)). Crit-
ical EJ has pushed traditional EJ to take the rights of non-human species seriously, and to
recognize that the liberal state may not be an effective redress mechanism for environmental
injustices (Pellow 2017; Sze 2020)). Both variants, however, remain true to the original EJ
focus of disparate burdens, and to the blend of scholarship and advocacy that characterizes
the EJ literature.

Drinking water and environmental justice

While some early EJ studies included water contamination as an indicator of injustice, it
is only over the last two decades that EJ scholars have focused on inequalities in drinking
water access as an environmental injustice. This has paralleled an international movement to
recognize the human right to clean and safe drinking water: in 2002, the UN Committee on
Economic, Social and Cultural Rights asserted “[the human right to water| is a prerequisite
for the realization of other human rights” (UN Economic and Social Council 2002)); and
in 2015, the Sustainable Development Goals included targets for “universal and equitable
access to safe and affordable drinking water for all” (UN General Assembly 2015).

Given the global scope of our review, for the sake of consistency, we employ the definition
of “drinking water” provided by the Joint Monitoring Programme (JMP) for Water Supply
and Sanitation (2020): “Drinking water services refers to the accessibility, availability and
quality of the main source used by households for drinking, cooking, personal hygiene and
other domestic uses.” For instance: the physical accessibility of water can be measured by the
distance to the nearest water source, or the time spent for water collection. The availability
of water supply can be described by the intermittency of supply, the presence-absence of
physical infrastructure, or whether the quantity is sufficient for hygiene and household needs
(Lee and Schwab 2005, Martinez-Santos 2017). Quality is often measured against thresh-
olds determined by a federal or international regulatory agency, such as the World Health
Organization, or the U.S. Environmental Protection Agency (US Environmental Protection
Agency n.d.f World Health Organization 2018)). There are also aspects of access that do
not fit into the JMP definition, such as affordability, often indicated by a ratio of water
expenditures relative to income (Garcia-Valinas, Martinez-Espineira, and Gonzalez-Gdémez
2010; Goddard, Ray, and C. Balazs 2021). We use “drinking water access” as an umbrella
term encompassing any or all of these aspects (i.e., accessibility, availability and quality),
recognizing that culture and economics may determine what counts as “access” in different
contexts. Drinking water injustice can involve one or more of these, and metrics to represent
these aspects of water access are continually evolving.
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Our review focuses on primary data collection to understand how research on EJ and
drinking water has captured the lived experiences of affected communities. Several EJ and
drinking water papers represent the relationship between access and social vulnerability using
secondary data (e.g., C. L. Balazs, R. Morello-Frosch, et al. 2011} 2012). Using secondary
data such as the U.S. Census helps to identify population-level trends and mobilize policy
decisions and funding to track and rectify injustices. Another contribution of studies using
secondary data is to develop narrower hypotheses for further research. Our review focuses on
primary data studies because certain research questions, such as uncovering on-the-ground
community experiences, are accessible only through the collection of primary data; these
questions are important enough to warrant their own review. Furthermore, secondary data
can potentially obscure what is happening at more granular levels: for example, it can
“invisibilize” small populations such as the unhoused or undocumented (Borderon et al.
2021)). By focusing specifically on studies that collected primary data, we surface on-the-
ground as well as perceived injustices closest to communities. Our findings and reflections,
therefore, reflect a subset of the broader environmental justice literature on drinking water.

Adjacent fields of inquiry outside of this review

There is a vast and valuable literature concerned with safe and adequate water for the
underserved that is outside of this review. These works can be called EJ-adjacent, in that
they situate themselves within different frameworks while sharing EJ themes.

The Human Right to Water literature argues for safe water as an inalienable right of all
humans, and is less concerned with comparing communities to each other and more concerned
with evaluating progress toward universal access (Heller 2022)). Its concept of justice is
thus absolute rather than relative, and some scholars have questioned the compatibility of
rights-based versus justice-based approaches (Harris, Rodina, and Morinville 2015). Political
ecology (PE) has a long tradition of research on struggles over water but PE papers may not
explicitly invoke the concept of justice. One of PE’s core deviations from the EJ framing is in
how it “sees” the state: whereas the origins of EJ assumed a liberal state that could rectify
injustices, PE comes from a Marxist lineage with a state that is to be confronted more than
relied on. Ranganathan and Balazs (2015) have usefully termed PE versus EJ concepts as
the “everyday” over the “regulatory” state, though, as they point out, this divide is breaking
down in newer work; rights and justice movements can work with, against, and outside the
state at the same time (e.g., Angel and Loftus 2019).

A third literature on water security is about people’s struggles to access water and the
importance of reliability, sustainability, safety, and adequacy (W. E. Jepson et al. 2017}
Meehan et al. |2020). Several older themes of water access, such as welfare and long-term
sustainability, have recently been covered under the “security” label (Hoekstra, Buurman,
and Ginkel 2018)). The fourth strand, the largest and the oldest of all of these, is Water,
Sanitation and Hygiene (WASH). This globally-focused body of work is concerned with
analytical studies on water quality, water systems, and their associated health outcomes,
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including attention to the coping costs of not having adequate and safe water access. It is
mainly a literature on ill-health or inadequate infrastructure rather than on injustice. EJ
studies on drinking water build upon the contributions and critiques of these adjacent fields,
but EJ’s empirical core is grounded intellectually and politically in its advocacy-oriented
origins, and is thus distinct from these other disciplines in theory and in action.

2.3 Methods

This study is structured as a critical review of the drinking water and EJ literature with
a focus on studies reliant on primary data. To ensure comprehensive, transparent, and re-
producible results, we followed study identification, screening, and selection methods used
to conduct systematic reviews. Studies were considered eligible if they focused on a popu-
lation’s access to drinking water and made use of an environmental justice framework. We
executed this search in the United States, and placed no restrictions on study setting, lan-
guage, or publication date. We excluded studies if they did not explicitly focus on drinking
water (e.g., those on surface or groundwater) and did not reference EJ. We pre-registered our
study protocol on PROSPERO (#CRD42017069837).H We amended our original protocol
eligibility criteria to include only studies based, fully or partially, on primary data collection
(e.g., water samples, surveys, etc.). (See Table and in the supplementary materials
for a completed PRISMA reporting checklist.)

We searched the following online databases for eligible studies: Web of Science, PubMed
/ MEDLINE, EMBASE, Cochrane Library, and ScienceDirect. We conducted the search
in two phases, in 2017 and 2021 (see Figures and in the supplementary materials
for disaggregated literature search flow charts). We also used Google Scholar to conduct a
hand-search of additional studies using citation snowballing. We piloted search terms ahead
of the full search to ensure they were sufficiently broad to identify a subset of papers that
we already knew to be eligible. Table summarizes the search terms, sets, and Boolean
operators we used.

Screening and data extraction protocols

For the first screening phase, three authors (SK, AC, JG) independently screened the titles
and abstracts of retrieved studies to flag those potentially meeting our inclusion criteria.
We divided titles and abstracts into three random equally-sized and overlapping groups
so review decisions were cross-checked by two authors. We removed all duplicate records,
as well as those with missing information, at this step. For the second screening phase,
the same authors assessed the full texts of potentially eligible studies. As with the first
phase, two authors made each review decision, with the third author’s opinion sought in

3SPROSPERO is an online database for pre-registering (systematic) reviews, designed to minimize the
possibility of duplicate research projects and to reduce reporting bias.


https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=69837
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Table 2.1: Initial search terms and Boolean operators for review of EJ and drinking water.

Drinking Water* Environmental Justice*
“Water” “Environmental Justice”
“Drinking water” “Justice”

“Potable water” “Social Justice”

“Tap water” “Environmental equity”
“Piped water” AND | “Environmental equality”
“Municipal water” “Environmental racism”
“Utility water” “Distributive justice”
“Bottled water” “Climate justice”
“Water system”

“Water district”

*Boolean operator “OR” used between search terms in each set (AND between sets)

the case of disagreement. For the final phase of data extraction, the first author used
a standardized, pre-piloted spreadsheet to input and organize collected data. Extracted
information included: study setting; study population and participant demographics; details
of the study design; recruitment and study completion rates; and all available outcomes and
times of measurement. The final set of selected papers was published between 2002 and
2020.

Data analyses

We included a plan in our PROSPERO protocol to synthesize study characteristics and
outcomes, including: negative health outcomes associated with consumption of contami-
nated drinking water; types of drinking water access, contamination, and exposure; research
methods and theoretical foundations; and the distribution of study locations.

We conducted data cleaning, analysis, and visualization using ggplot2 and rnaturalearth
in RStudio using R version 4.0.5 (R Core Team 2021} RStudio Team [2020; South 2017}
Wickham [2016)).

2.4 Results

Following a summary of our screening process outcomes (Section 4.1) we report broad trends
and patterns across the reviewed studies (Section 4.2 - 4.6) using the five organizing questions
from the Introduction.


https://ggplot2.tidyverse.org/
https://cran.r-project.org/web/packages/rnaturalearth/README.html
https://www.rstudio.com/
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Study screening and characteristics

Our database search returned 2,423 records. After duplicate removal, we screened titles and
abstracts as described above, with reviewer agreement of 90.1% (kappa = 0.33). Given this
suboptimal inter-rater agreement (Landis and Koch 1977), we re-clarified our screening pro-
cess and conducted a second round of review, which resulted in stronger reviewer agreement
of 97.8% (kappa = 0.81). We did not find any (additional) eligible papers through citation
snowballing. We deemed 33 of the 136 papers subjected to full-text review to be eligible for
final inclusion (Figure [2.1]).

Most eligible studies were based in low-income, non-urban, and minority communities in
the US, as we would expect from an EJ-focused literature. (See Tables and in the
supplemental materials for an overview of broad community characteristics.) Ten of the 33
papers are situated outside of the US. In general, author affiliations are concentrated in the
global North. Figure illustrates the global distribution of author afﬁliationsﬂ and their
study sites.

What sampling and data collection methods are used?

We observed substantial heterogeneity in study designs, sampling protocols, independent
variables studied, outcomes of interest, and the metrics with which these were measured. Just
over half the studies in our review collected data using purposive or convenience sampling
(n=17). A small number collected data through random sampling (n=>5). The remaining
studies (n=11) were not specific about their sampling strategy. Interviews are the most
common type of data collection method (n=21), followed by surveys (n=15), water quality
sampling (n=8), and focus groups (n=2). Sample sizes and sampling units vary considerably
across studies (Table [2.2)).

Table 2.2: A summary of data collection methods used across reviews.

Author Study lo- | Used Used Used fo- | Collected | Sampling
cation open- surveys cus groups | water strategy
ended (n=sample | (n=sample | quality
interviews | size) size) samples
(n=sample (n=sample
size) size)
Williams US - 1183 - - random
and Florez
(2002)

4For authors affiliated with more than one institution, we made our best judgment on which was their
primary institution at the time of publication. We included all authors for multi-authored papers.



CHAPTER 2. LITERATURE REVIEW OF EJ AND DRINKING WATER

17

King et al | US 12 - - non-
(2006) random
Mascaren- | Canada 27 - - unclear
has (2007)
Blakeney | US 40 73 - non-
and Mar- random
shall
(2009)
Castano- Spain 1118 - - non-
Vinyals et random
al (2011)
Heaney et | US - 120 94 non-
al (2011) random
Otero et al | Spain 17 - - unclear
(2011)
Domenech | Nepal 18 - - unclear
et al
(2013)
Heaney et | US - 27 20 non-
al (2013) random
Wedgworth| US - 305 305 random
and
Brown
(2013)
Wutich et | Bolivia, 135 - - non-
al (2013) | Fiji, New random
Zealand,
US
Balazs US 9 30 - non-
and Lubell random
(2014)
Balazs US 17 - - unclear
and Ray
(2014)
Mehta et | Bolivia, 185 91 - unclear
al (2014) | India
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Joshi India - - - - unclear
(2015)

Corlin et | US - - - 144 unclear
al (2016)

Flanagan | US - 1287 - - random
et al

(2016)

Kozlowski | US 20 - - - non-
and random
Perkins

(2016)

Sitthikrien-| Thailand - - - - unclear
gkrai and

Porath

(2017)

Wright- Vietnam unclear 100 - 8 unclear
Contreras

et al

(2017)

Eggers et | US 30 197 - 164 non-

al (2018) random
Rall US 15 - - - non-
(2018) random
Hargrove | US unclear 20 unclear - unclear
et al

(2018)

Amiri US - 13 23 59 unclear
and Zhao

(2019)

Sansom et | US - 13 - 13 random
al (2019)

Krings et | US 4 - - - non-

al (2019) random
Hale US 40 - - - non-
(2019) random
Stillo et al | US - 76 - - unclear

(2019)
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Seamster US unclear - - - non-
and Puri- random
foy (2021)

Lockhart UsS 8 21 - - random
et al

(2020)

Dobbin US 27 - - - non-
(2020) random

How is (un)just access to water defined and measured?

Definitions of access include physical accessibility, measured as the presence-absence of piped
water infrastructure or sanitation services (Heaney, S. Wilson, et al. [2011; Lockhart, Wood,
and MacDonald Gibson 2020; Seamster and Purifoy [2021; Wedgworth and J. Brown 2013)E]
and water quality, measured as microbiological or chemical contamination (Amiri and Zhao
2019; Corlin et al. [2016; Eggers et al. 2018). Intermittency and affordability, research themes
in related disciplines such as water security (See Wutich, Budds, Eichelberger, et al. 2017,
are not discussed in the reviewed papers.

Studies assess disparities in water access in three main ways: perceptions of drinking
water access or quality; conditions of water access, i.e., piped access or measurements of
water quality; and poor health outcomes. (See Table in the supplementary materials for
more information on data extraction, including measures of drinking water access and ties
to health outcomes.) Research on user perceptions of (in)justice illustrate how injustices are
experienced and whether concerns are voiced (Dobbin [2020; Kozlowski and Perkins 2016}
Rall 2018; Sansom et al. 2019; Stillo et al. 2019; B. L. Williams and Florez 2002)). For
example: priorities such as middle-class lifestyles may be seen as acceptable trade-offs for
pollution, muting dissenting voices against water quality injustices within the community
(Kozlowski and Perkins 2016); or “outsider groups” such as Mexican-Americans may be less
trustful of their water supply, but also less likely to participate in civic activities concerning
water (B. L. Williams and Florez 2002). While perception-based studies communicate lived
experiences of injustices, they do not provide evidence on whether perceptions correspond
to measured levels of water contamination - perceptions (such as of odor and taste) may
indicate problems with quality, but indicator-less (e.g., smell-less, tasteless) water can also
be unsafe.

The most common approach to evaluating disparities in access is the measurement of
drinking water contamination in under-served communities. Studies that measure chemical
or microbial contamination find elevated levels of contamination in households disconnected
from public water systems, often in unincorporated communities and American Indian reser-

5The Seamster & Purifoy paper was included as it was published online in 2020.



CHAPTER 2. LITERATURE REVIEW OF EJ AND DRINKING WATER 20

vations (Eggers et al. 2018; Flanagan et al. 2016; Heaney, S. Wilson, et al.|[2011]). (See Table
S4 in the supplementary materials for a summary of the parameters evaluated across studies
with sample sizes and methods.) Three papers on microbial contamination measure E. coli in
domestic well samples (Heaney, S. Wilson, et al. [2011; Heaney, Wing, et al. [2013; Wedgworth
and J. Brown [2013), all in majority Black communities. Metals, organics, and disinfection
byproducts have also indicated unsafe drinking water contamination in marginalized commu-
nities (Corlin et al. 2016} Eggers et al. 2018; Heaney, Wing, et al. 2013; Wright-Contreras,
March, and Schramm [2017). All but one of these studies found some degree of elevated
drinking water contamination.

While many studies (n=26) motivate their work citing the health risks of unsafe drinking
water, only three (Amiri and Zhao 2019; Hargrove, Del Rio, and Korc 2018; Wedgworth and
J. Brown 2013)) report health outcome data related to drinking water contamination. Wedg-
worth and Brown (2013)) use survey data from 264 households to show a statistical association
between gastrointestinal disease and fecal contamination in water supply. In a health survey
of two Texas colonias, Hargrove et al. (2018) report water insecurity-related stress, hauling-
related injuries, and gastrointestinal illnesses. Amiri and Zhao (2019) distributed a general
health questionnaire to their focus group participants, but found their questionnaire was
not well-tailored for the literacy skills of their participants. All three studies distance their
findings from any claims of causality, reflecting the difficulty of attributing health outcomes
to drinking water contamination (e.g., Cumming et al. [2019)).

What forms of environmental injustice are most commonly
discussed?

Most studies (n=28) present drinking water disparities as distributive injustice. Distributive
injustices include water quality falling short of meeting safe drinking water standards (Amiri
and Zhao |2019; Corlin et al. 2016; Heaney, S. Wilson, et al. 2011; Wedgworth and J. Brown
2013), or the inability to tap into municipal services (Heaney, Wing, et al. [2013; Lockhart,
Wood, and MacDonald Gibson [2020; Seamster and Purifoy 2021). Potential contamination
sources range from polluting industries (Amiri and Zhao 2019; Blakeney and Marshall 2009;
Sansom et al. 2019), disinfection byproducts (Castano-Vinyals et al. [2011)), or fecal contam-
ination in private wells (Heaney, S. Wilson, et al. |2011; Stillo et al. |2019; Wedgworth and
J. Brown [2013). Studies on inadequate water quantity are less common; authors attribute
disparities to large-scale infrastructure projects, inadequate state planning, or deliberate ex-
clusion from municipal services (Domeénech, March, and Sauri 2013; Hale 2019; Joshi 2015}
Lockhart, Wood, and MacDonald Gibson 2020; Otero et al. 2011; Seamster and Purifoy
2021)).

Procedural injustice is the second-most common type of injustice discussed in our re-
view (n=16). Cases of procedural injustices include under-representation of disadvantaged
communities in regional water management planning (C. L. Balazs and Lubell 2014; Dob-
bin [2020)); lack of voice and agency at the municipal level (Rutt and Bluwstein 2017); or
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the revocation of public deliberation in the name of emergency management (Krings, Korn-
berg, and Lane 2019)). Institutional norms and histories shape local expectations of citizen
involvement and state accountability (Wutich, Brewis, et al. 2013).

While most studies ground their research designs in one of these two forms of injustice,
some authors discuss two additional forms. The first of these is recognitional injustice (n=6),
or the lack of “recognition of harm, and recognition of other ways of knowing” (Mascarenhas
2007)). This may appear as personal attacks and discreditation of lived experiences (Rutt
and Bluwstein 2017)); disdain for the poor (Rall 2018); or official refusals (or inability) to
recognize harm to cultural, spiritual, and ecological traditions (Mascarenhas 2007). Occu-
pational injustice is the second form, explicitly explored by only one study that evaluated
how the consequences of poor water quality spill over into individuals’ abilities to carry out
everyday activities (Blakeney and Marshall 2009)). Activities that must be adapted because
of water supply conditions — cooking routines, personal hygiene, organization of workdays —
are tangible examples of how a water injustice morphs into “occupational injustice”, affecting
almost all aspects of daily life.

Though several distinct forms of injustice are identified in the literature, numerous stud-
ies in our review illustrate how these different types of injustice are co-produced or reinforce
one another. (See Table S5 in the supplementary materials for a summary of how studies
explicitly and implicitly engage with different forms of justice.) Deference to certain types of
expertise can lead to the disqualification of testimonies in participatory processes (Mascaren-
has|2007; Sitthikriengkrai and Porath 2017). Distributive injustice can result in psychosocial
effects such as the degradation of spirit and the loss of hope (Blakeney and Marshall 2009),
or manifest as occupational injustices through barriers to handwashing, laundry, or cook-
ing (Blakeney and Marshall 2009; Lockhart, Wood, and MacDonald Gibson 2020). When
recognitional justice is encouraged — such as through the availability of bilingual materials —
it can lead to more fruitful and generative participatory processes (C. L. Balazs and Lubell
2014)). Table contains examples of relationships that we pulled from our reviewed works.

Table 2.3: How different forms of justice reinforce one another or are co-produced.

Author Examples

Mascarenhas (2007) (1) Relaxed monitoring and reporting requirements for in-
dustry made it difficult to have environmental harms be
properly recognized. (2) Deference to specific types of ex-
pertise enabled the disqualification of testimonies in partic-
ipatory processes.
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Blakeney and Marshall
(2009)

Domenech et al (2013)

Heaney et al (2011, 2013)

Wautich et al (2013)

Balazs and Lubell (2014)

Balazs and Ray (2014)

Mehta et al (2014)

Distributive injustice produced psychosocial effects, affect-
ing the ability to push for recognitional justice: “People’s
spirit ... has degraded ... because of the degradation of the
river ... if you spend all that time being unable to combat
it, sometimes you just kind of lose hope and join in and
think that the river is unrecoverable.”

Compensation measures for environmental degradation
were proposed based on direct losses related to fields,
houses, or trees (i.e., to land ownership), funneling bene-
fits to land-owning castes over landless ones.

Community-based methods - specifically, the collaborative
effort to collect and analyze drinking water data in data-
sparce places - positioned researchers and communities to
engage with multiple forms of (in)justice simultaneously.

(1) Personal-level injustices short-circuited otherwise-just
institutions. (2) Valuation of different justices can be hierar-
chical, i.e., some are more distressing than others depending
on context.

(1) Social learning (learning across stakeholders) connected
procedural justice goals to distributive justice outcomes
through increased representation of traditionally marginal-
ized groups and their water challenges. (2) Efforts at in-
clusivity within these meetings - such as providing bilingual
options - helped attendees feel 'safe’ for the first time.

Residents from Fast Orosi were repeatedly turned away by
water board administrators when seeking clarification on
their water quality reports because of their Spanish accents.

Different realities of citizenship (facilitated by recognitional
and procedural injustice) has resulted in varied distributive
outcomes of drinking water access.
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Kozlowski and  Perkins
(2016)

Case (2017)

Rutt and Bluwstein (2017)

Sitthikriengkrai and Porath
(2017)

Rall (2018)

Amiri and Zhao (2019)

Krings et al (2019)

“DuPont families” (families with kin employed by DuPont)
alienated, ostracized, and even physically intimidated those
critical of DuPont, making it difficult or uncomfortable to
participate in social functions (such as going to church) or
to voice their opinions.

Grassroots activists’ efforts to address procedural injustice
- e.g., by writing memos, organizing public workshops, ap-
pealing to higher levels of government, or harnessing the
media - paved the way for distributive justice.

Public officials suppressed civic engagement with misogy-
nistic and paternalistic language.

(1) Cultural difference and prejudice made it difficult for
Karen villagers to advocate for their experience of envi-
ronmental degradation - which threatened their community
fabric as well as their capacity to cope - in “strict legal
and/or empirical terms.” (2) Engagement with civil society
can exacerbate recognitional injustice if EJ communities are
mischaracterized, such as when villages are reduced to “a
community of beggars” and thereby stripped of their sense

of dignity.

Community organizers found that fighting the stigmatiza-
tion and internalized oppression of the poor was key to over-
coming class divisions (for movement building), which had
manifested as blaming, criticizing, criminalizing, and ignor-
ing those unable to cope.

Similar to Heaney et al above, community-driven project
design enabled researchers and communities to engage with
multiple forms of (in)justice at once.

Emergency management created a special scenario in which
traditional channels of participation and civic engagement
were closed off, resulting in (and entrenching) distributive
injustice.
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Seamster and  Purifoy | A predominantly white and wealthy community actively ob-
(2021) structed a neighboring Black community’s pursuit of proce-
dural and distributive justice by denying the acquisition of
basic amenities such as water and sanitation.

Lockhart et al (2020) Lack of access to drinking water directly affected peoples’
abilities to participate in daily activities (e.g., handwashing,
laundry, cooking). These effects were mitigated by personal
connections or by monetary means, the latter of which is
facilitated by socioeconomic status.

Dobbin (2020) Collaborative groundwater governance increased recogni-
tional justice, as large water agencies became (more) aware
of smaller ones (and their issues) or as new relationships
were established across different stakeholders.

As mentioned earlier, environmental injustices are often described in collective or com-
munity level terms. We find the papers in our review also raise individual or household-level
dimensions of injustice that do not fit neatly into this distributive-procedural-recognitional
framework. When the polluter is also the main regional employer, those vocal about the
environmental injustice can be met with physical intimidation and social ostracization, pre-
senting obvious challenges to accessing procedural channels (Kozlowski and Perkins 2016}
Rall2018). The pervasive influence of societal patriarchal and misogynistic norms are also ap-
parent, when men are expected to “man up” and “sacrifice themselves for work” (Kozlowski
and Perkins [2016) and women are described as “hysterical,” a “crazy housewife,” or asked
(by a government official) whether they are “on their period” (Rutt and Bluwstein 2017)).
In describing how jealous, grudge-bearing vendors can deny service to would-be customers,
Wautich et al (2013)) contend such experiences can be more distressing than distributive or
procedural injustices.

How are affected communities resisting or coping?

In the absence of drinking water access, communities may engage in active protest and
resistance, as well as everyday acts of coping. In states with enforceable environmental reg-
ulations, some communities find success in partnering with nonprofits and other external
actors to win monetary compensation and regulatory enforcement (Sitthikriengkrai and Po-
rath 2017). Support from external partners may be the only way for these lived experiences
to gain credibility in the eyes of the government (Krings, Kornberg, and Lane 2019)). Com-
munity activists also strategically use the media (Case 2017; Sitthikriengkrai and Porath
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2017) or direct action (Domenech, March, and Saurf [2013) to shame or force the govern-
ment’s or industry’s hand into enacting change. Perhaps unsurprisingly, however, protestors
and resistors have often been targeted and shut down by the state (Mascarenhas [2007; Rutt
and Bluwstein [2017)).

Communities also partner with community-based organizations and universities for assis-
tance in quantifying lack of water access, fighting for political representation, or providing a
platform for community voices (Rall [2018]). Participatory Action Research (PAR) methods
encourage more equitable community-researcher dynamics (Amiri and Zhao 2019; Blakeney
and Marshall 2009; Eggers et al.|[2018; Heaney, S. Wilson, et al.|2011)), and shape the research
design itself with local knowledge (Heaney, Wing, et al. [2013)). (See Table S6 in the supple-
mentary materials for more information on study motivations, drivers of site selection, and
community partnerships.) Such collaborations are not inherently good; community partners
could perpetuate injustices by prioritizing agendas that serve them more than the com-
munity itself (Sitthikriengkrai and Porath [2017)). Collectively, however, PAR-based studies
represent an effort to challenge extractive research dynamics by encouraging the community
to harness research as an empowerment opportunity.

Outside of resistance and protest, acts of coping to procure water take place at both
the individual and community level. Some examples of individual coping mechanisms are
to rely on extra-household resources such as friends and family, laundromats, or hotels for
cooking, washing, and bathing (Blakeney and Marshall 2009; Eggers et al. [2018; Lockhart,
Wood, and MacDonald Gibson 2020). Other options are to buy bottled water or to haul
water from nearby municipal water supplies, an ostensibly safer source but a significant
financial burden (C. L. Balazs and Ray 2014; Blakeney and Marshall 2009; Eggers et al.
2018; Krings, Kornberg, and Lane [2019; Lockhart, Wood, and MacDonald Gibson 2020)).
Hargrove et al. (2018)) estimate that it costs households with median annual incomes of
15,000 USD roughly 70 USD per month to haul water; at 5.6% of income, this is well
above most accepted affordability thresholds (Goddard, Ray, and C. Balazs 2022). At the
community level, neighborhoods pursue service extension and/or consolidation with nearby
systems (Seamster and Purifoy 2021)), and mutual-aid water committees step up to buy from
municipal providers, or procure water through unofficial or illegal means (Mehta, Allouche,
et al. [2014). Coping looks different for the rich and the poor: while the poor may rely on
“hidden” pathways such as illegally siphoning water from city pipes, the rich are more easily
able to augment their access by purchasing water or water purification technologies (Joshi
2015; Mehta, Allouche, et al. 2014).

What, if any, mechanisms of redress are advocated?

A core tenet of the environmental justice framework is that, when injustices are uncovered,
a means of redress or mitigation is necessary. In the reviewed literature, reform proposals for
corrective justice and redress are usually inferred rather than made explicit. Most calls for
accountability are directed at the state (Domenech, March, and Sauri [2013; Kozlowski and
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Perkins [2016; Krings, Kornberg, and Lane 2019). Some studies suggest mitigative measures
to improve drinking water conditions, such as the installation of public water fountains for
unhoused people (Hale 2019), or, in the case of Flint, charging city officials with involuntary
manslaughter (Krings, Kornberg, and Lane [2019)). Others propose policy initiatives at one
or two levels above a community-specific intervention. These include calls for state policy
to support more regional solutions (C. L. Balazs and Lubell 2014)); increased government
funding to develop technical, managerial, and financial capacity for communities (C. L.
Balazs and Ray [2014); or even a broad call for “stable economic development” that would
protect human health (Kozlowski and Perkins 2016]). Advocacy directed at the state-run
public health department can be an explicit component of community-based participatory
research projects (Amiri and Zhao[2019)). Non-state pathways of redress appear as supportive
mechanisms towards eventual reparation; examples include advocacy for public outreach
to be sensitive to socio-economic status (Flanagan et al. 2016), or for activists in White
communities to challenge race and class privileges (Kozlowski and Perkins 2016).

Many under-served communities fall outside the reach of state assistance for drinking
water provision, and struggle with recognition and citizenship in addition to access to water.
US-based studies discuss this struggle in unincorporated and predominantly Latinx or Black
communities, American Indian reservations, and US-Mexico border colonias. Some studies
explicitly place the blame of drinking water disparities on the state for neglecting basic ser-
vices for indigenous populations and for poor regulatory enforcement (Corlin et al. 2016}
Eggers et al. 2018, Mascarenhas [2007)). Others point to historical neglect of and discrim-
ination against low-income Black communities (Lockhart, Wood, and MacDonald Gibson
2020; Rall 2018; Seamster and Purifoy 2021} Stillo et al. 2019). Internationally, this form of
neglect especially pertains to peri-urban or semi-rural spaces (Mehta, Allouche, et al. 2014}
Wright-Contreras, March, and Schramm [2017; Wutich, Brewis, et al. [2013)). Collectively,
the literature shows that the boundaries of state oversight (and thus accountability) often
coincide with disparities in access to safe water.

Several studies document the paradox of redress when the state itself is complicit in the
persistence of environmental injustices. For instance, histories of unequal land and water
changes have been officially rewritten as heroic responses to water scarcity (Otero et al.
2011); struggles for access to water go hand-in-hand with other rights violations (Mehta,
Allouche, et al.[2014)); state structures have historically had discriminatory and exclusionary
effects on indigenous and Black populations (Eggers et al. 2018; Rall [2018; Seamster and
Purifoy 2021; Stillo et al. [2019); and where, eventually, activists have succeeded in acquiring
safe water, it may have needed years of “pushing, pushing” (Case 2017). The irony of the
EJ literature leaning on the state for redress when the state is also a perpetrator of injustice
is a point we return to below.
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2.5 Discussion

We organize our discussion around the questions and findings presented in the section above,
with a focus on how they relate to the broader EJ literature.

Access

Studies on perceptions of (poor) water quality give us unique insights into the lived water
access conditions of many communities, especially in places where water quality data is
unavailable. While perceptions matter, they may not by themselves signal distributional
injustices in water access without independent verification of water quality. Perceptions can
be influenced by many factors (Franca Doria [2009): people can think water quality is poor
when it is in fact good (Rozin et al. 2015)), or believe bottled water is of high quality when
it may not be (Cohen and Ray 2018; A. R. Williams et al. 2015). We contend that treating
the perception of poor water quality as a distributional injustice by itself, as several of our
reviewed studies have done, raises questions about construct validity. Perception-based data
on a sample of respondents within areas in which distributional injustices have already been
established could usefully combine the strengths of primary and secondary data.

Perceptions can, however, signal procedural injustices, or show why access inequalities
persist. Perceptions of poor water quality that the water utilities pay no attention to, or
dismiss out of hand, can be signs of procedural injustice. Perceptions can uncover how, even
in a community with a well-documented environmental burden, there may be different views
on whether that burden is an unjust one (Kozlowski and Perkins 2016). Perceptions are
also central to recognitional injustice, particularly when they relate to how the community is
treated by the utility or by the state (B. L. Williams and Florez2002). Studies on community
perceptions of poor water quality, or distrust of the water utility or of the state, are best
conducted with primary data collection. Studies using only publicly-available data cannot
reveal how under-served communities feel.

Several studies on poor water quality compare their findings against WHO or EPA bench-
marks for drinking water standards, but do not refer to a comparison community (or regional
/ national averages) to attempt to evaluate disproportionate harms (Corlin et al. 2016;
Heaney, S. Wilson, et al. 2011; Heaney, Wing, et al. 2013; Wedgworth and J. Brown 2013)).
Even if the study communities are minoritized because of race or ethnicity, without a com-
parison with a larger population, disproportionate harms cannot be specifically established.
These studies, therefore, implicitly rely on an absolute framing of justice, which considers
a failure to reach a minimum standard (e.g., to stay below a federal maximum contami-
nant level) inherently unjust (Feinberg |1974; Montague [1980)). The original concept of EJ,
however, was distinctive in its focus on fairness and equity for specific communities with
respect to others (Taylor 2000). The convergence of injustice as a violation of universal
standards with injustice as a disproportionate burden for particular communities - which we
find primary studies often assume - brings justice-oriented studies closer to adjacent frame-
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works such as the human right to water or water security (Cook and Bakker 2012; Gleick
1998; Sultana and Loftus |2015). Research using secondary data can more readily identify
disproportionate harms using statistical analysis.

Justice

Early EJ studies have been critiqued for their characterization and analyses of distributional
injustices as “snapshots” in time (Been and Gupta 1997, Pastor, Sadd, and Hipp 2001), and
for ignoring the production of injustices as structurally racial projects (see Omi and Winant
2014)). While this is not true of all studies in our review, many are of a descriptive, “snapshot”
nature, in part because they use mainly primary data. These studies do not explain how
and why water access injustices arose, nor why they persist, though understanding past and
ongoing power dynamics between stakeholders is critical for understanding why otherwise
unacceptable conditions of water supply come to be considered “natural” (Otero et al.|2011]).

“Snapshot” studies have played a critical role in the development of EJ as a field: indeed,
the discipline emerged as a form of praxis, at the convergence of environmental activism,
broader social movements, and scholarly research (Sze and Jonathan K. London [2008; Tay-
lor 2000). Even today, requests to the government for water quality testing, infrastructure
assessment, and service connections or annexation are often ignored in the US (Lambrinidou
2018; Pulido 2016) and abroad (Nganyanyuka et al. 2018). Documenting distributional in-
equities and characterizing harms therefore remain crucial for keeping the field grounded,
and for providing ongoing, evidence-based tools for environmental advocates and for com-
munities.

Several studies explore how multiple forms of injustice - distributional, procedural and
recognitional - co-occur (Mascarenhas 2007; Mehta, Allouche, et al. [2014; Sitthikriengkrai
and Porath 2017; Wutich, Brewis, et al. 2013). The acknowledgement of plural injustices is
in line with calls to avoid ahistorical documentation of distributional inequities, and to in-
stead analyze how multiple forms of injustice are mutually co-constitutive (Malin and Ryder
2018; Pellow [2017; Schlosberg 2013). Throughout the reviewed papers, we see that recogni-
tional injustice often undergirds ongoing distributional or procedural injustices (Fraser 2000;
Schlosberg [2004)), but also that distributive and procedural injustice can in turn engender
recognitional injustice. Such recognitional injustice often results in psychosocial stressors
(Blakeney and Marshall 2009), which exacerbate environmental health disparities across
race and class lines (Gee and Payne-Sturges 2004; R. Morello-Frosch et al. 2011); as Sit-
thikriengkrai and Porath (2017) observe, “such indifference and neglect becomes part of the
environmental injustice they are suffering.” Our review captures ways in which distributive,
procedural, and recognitional injustices are co-produced. Collectively, these studies show
how community struggles to obtain drinking water access are underlain by long histories of
disenfranchisement and resistance, rather than singular sources or events of degradation.

We offer the schematic in Figure to diagram how forms of (in)justice — with the impor-
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tant inclusion of occupational justice — are situated with respect to one another. The arrows
emphasize the multidirectional relationships of (in)justice production and reinforcement we
took note of above, with occupational justice at the center to symbolize how distributive,
procedural, and recognitional injustices can morph into “daily life” effects.

Community resistance and coping

Communities and community-based organizations have responded to the lack of access to
safe water with various forms of resistance (see Results [Section 4.5)). Protest and resistance
can be effective, be ignored (Heaney, Wing, et al. 2013, or be actively shut down (Rutt and
Bluwstein 2017)). Communities may also have internal divisions, as early EJ literature recog-
nized (Bullard [1990)), and protest can be seen as a threat to the benefits of job security even
when the harmful effects of polluting are obvious (Kozlowski and Perkins 2016). Community-
based participatory research approaches have been promoted as empowering communities to
own their water quality data, to demand greater access to procedural justice in the future
(Heaney, S. Wilson, et al. [2011)), and as part of a project of social transformation (Mertens
2010).

Organized resistance is always a risk (Scott 2012), and the complexity of tracing drinking
water contamination is itself an impediment to protest (Sitthikriengkrai and Porath 2017).
Establishing a causal connection between polluters, pollutants, and communities has been a
major goal of traditional EJ research (Been and Gupta [1997; Mohai and Saha 2015; Pastor,
Sadd, and Hipp 2001). The drinking water contamination papers in our review, however,
do not always identify a polluter, and none are designed to assess a causal relationship
between polluter and pollutant. For instance, studies may point to inadequate household
infrastructure (such as failing on-site septic tanks, or old private wells) as potential causes
of water quality degradation (Heaney, S. Wilson, et al. |2011; Heaney, Wing, et al. 2013}
Wedgworth and J. Brown 2013)), with no external actors held responsible. Tracing the
causes of nonpoint water pollution sources that contaminate ground- and surface water,
possibly over long periods, is particularly difficult (Loague, Corwin, and Ellsworth [1998]).
The challenges of attribution give rise to the question: if we cannot establish the entity (or
entities) responsible for poor drinking water quality, how do we connect distributive injustice
to corrective justice?

Where resistance and protest are not feasible, too risky, or challenging to organize due
to intra-community differences (Naman and Gibson 2015), communities have to cope with
inadequate water quality or quantities (Venkataramanan et al.|2020). Balazs and Ray (2014))
describe a “composite drinking water burden” in which “exposure and coping are mutually
constitutive, cyclical, and multilevel” - illustrating a vicious cycle in which under-resourced
communities are forced to take on additional costs such as purchasing bottled water or ex-
pensive household-level filtration systems. Coping costs can also be incurred in other aspects
of life, such as home maintenance costs or heightened levels of social anxiety (Blakeney and
Marshall [2009; Lockhart, Wood, and MacDonald Gibson [2020), or having to share water
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with neighboring households (Wutich, Budds, W. Jepson, et al. 2018)). Current EJ research
on drinking water disparities alludes to, but could more comprehensively assess, these finan-
cial and psychosocial coping costs in their analyses of injustice. These costs are widespread,
and therefore research focused only on the direct effects of poor water quality understates
the full costs of environmental injustice. It is possible to measure at least some of these
costs, as studies in low-income settings have shown (Burt, Erclimen, et al. 2018; Pattanayak
et al. [2005).

Less common in US studies, but quite prevalent in those based in the Global South, is
the analysis of unauthorized use as a form of coping (Joshi [2015; Mehta, Allouche, et al.
2014). This can include tapping into municipal water systems without permission, refusing
to pay utility bills when they are unaffordable, or illegally sinking a private or community
well. These coping mechanisms are distinct from buying or boiling water; they are examples
of what has been called the “quiet encroachment of the ordinary” (Bayat [2000). Or, as
Scott (2012) would say, these are unobtrusive forms of lawbreaking that “do not shout”.
The Global EJ (GEJ) literature, theorizing from the South more broadly, has framed such
acts as strategic responses to poverty or inequality (e.g., Burt and Ray [2014]). The US-based
literature, by contrast, discusses non-payment (and subsequent shut-offs) of water services
in cities such as Flint or Baltimore as forced upon the poor (Mack and Wrase 2017; Swain,
McKinney, and Susskind [2020) — but not as a form of silent insubordination under scarcity.

Overall, the drinking water as well as the broader EJ literature show that resistance
is a dynamic process during which the nature of resistance, the environmental conditions,
and the needs and priorities of the community itself, are mutually shaped and reshaped.
The critique of “snapshot” studies of distributional disparities is even more salient with this
recognition.

Redress and the role of the state

In addition to distributional, procedural and recognitional justice, redress, or corrective
justice, is central to the EJ framework. Corrective justice calls for penalizing those who
have broken environmental laws, and for remedying the damages inflicted as a result of
lawbreaking (Kuehn [2000). Holding the polluter accountable, while a key demand of EJ
activists (Bullard and Wright [1993)), is a challenge for drinking water contamination because
attribution of cause to nonpoint sources is difficult (as discussed above). Even when both
the source and harms of pollution are evident, redress is complicated when the responsible
companies are no longer in existence, as in the case of uranium mines in Navajo Nation
(deLemos et al.|2009; Harmon et al. 2017). When holding a distinct polluter accountable is
not feasible, the position within the traditional EJ literature is that the state should step in
and either mitigate the harms to the community and/or be held accountable for its own lax
enforcement (Kuehn 2000)). This observation applies to most of the papers in our review,
which (often only implicitly) call upon the state for redress.
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Historically, the state has played a central role in corrective justice, as either the arbiter
or the regulator, to remedy environmental injustices. However, Critical EJ (CEJ) scholars
have argued that automatically turning to the state as part of the solution is naive, because
the state has allowed injustices to continue, or has actively perpetrated injustices itself,
especially in Black and Indigenous communities in the US (Kurtz [2009; Pellow 2017; Pulido,
Kohl, and Cotton 2016). Many CEJ scholars have joined forces with political ecologists,
arguing that the concept of justice within the EJ movement in the US is inherently liberal,
and that racism and exclusionary practices have characterized such liberalism (Pulido, Kohl,
and Cotton 2016; Ranganathan 2016). Reliance on the state to mete out justice, therefore,
at worst reinforces the hegemonic power structure that produces injustice (Pellow 2017}
Swyngedouw and Heynen [2003), and at best dilutes the transformative power of demands
for justice by compromising with the liberal state (Pulido, Kohl, and Cotton 2016)).

The critique that EJ falls back on the state as arbiter when the state is also an enabler,
and thus the call to look beyond the regulatory state in search of transformative coalitions
(Pellow 2017; Ranganathan and C. Balazs|[2015)), must be taken seriously. Pulido et al (2016
have argued that the EJ movement, relying on the state, has improved environments for rel-
atively few marginalized communities. We find, however, that even the outlines of proposed
transformative solutions remain vague, as does strategic guidance for the EJ movement to
seek redress outside the state (see also Purucker 2021)).

Extra-state redress is a particular challenge at the scale of drinking water systems. The
global reality is that in countries with near-universal access to drinking water, most house-
holds have water provided or regulated by state or local water agencies (Ray and Smith
2021). In unincorporated California, London et al (2021) (2021) show how informality —
taken broadly as conditions outside of formal state or market institutions — can obstruct the
attainment of water justice. Some of the most deprived areas discussed in the reviewed papers
were in such informal, liminal spaces, such as peri-urban areas or unincorporated communi-
ties, where the regulatory state is weak or non-existent at the necessary scale (Heaney, S.
Wilson, et al. [2011; Mehta, Allouche, et al. 2014)). Successful non-state community-managed
drinking water systems do exist, e.g. in Paraguay, Bolivia and Peru (Loach, Melgarejo, and
Lombardo 2000; Marston 2014; Whittington et al. [2009), but their potential for replication
at scale is unknown.

In light of past (and ongoing) debates about redress and the primacy of the state, Sze
and London (2008) have argued that the state needs to be brought “back in” (following
Skocpol [1985)), despite its failures, and despite its exclusions. The “state” as they see it is
not a uniform entity, but a fractured one, that actively participates in the distribution of
environmental protections and harms at the same time. Pushing back against the argument
that EJ is too movement-oriented to be theoretically sound (see Swyngedouw and Heynen
2003), Sze and London argue that EJ has always been about understanding how power
manifests itself through race and class to produce benefits and harms, and that making
demands of a fractured state is a distinctive feature of EJ theory and practice. Others have
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advocated for new modes of water governance that prioritize inclusivity and meaningful
engagement of civil society actors (Harris, McKenzie, et al. 2017). The state can also be
understood as an evolving (rather than fixed) entity whose form emerges through “the process
of struggle,” and that cannot be either dismissed or reified (Angel and Loftus 2019). While
the drinking water justice papers in this review would (in the main) be compatible with these
positions, relying on the state for redress while recognizing it as a producer of persistent
inequalities remains a tension within environmental justice work.

Limitations

With our focus on primary data (as bound by our inclusion-exclusion criteria), our analysis is
restricted to a subset of the broader literature on environmental justice and drinking water.
A review of secondary data-based studies could have revealed additional insights, such as on
population-level trends or spatial patterns of access across larger geographies.

In literature reviews, it is good practice to integrate some form of quality or bias as-
sessment to assess the evidence (Khan et al. 2003). We found this difficult to do given the
heterogeneity of research designs and methods used across the reviewed works. Standards
vis-a-vis research design, data transparency, sample size, sampling units and sampling tech-
niques can vary widely within interdisciplinary research areas (Agrawal 2003). However,
even papers with similar goals in our review (e.g., studies on contamination) do not share
research practices or outcome metrics. As this research area continues to grow, a com-
parative meta-analysis will eventually be possible, but only to the extent that researchers
develop commensurable definitions and research designs. Wider adoption of commensurable
metrics and methods could make disparate case studies more comparable and their results
more amenable to aggregation. Measurements of chemical and biological drinking water
contamination, or the affordability of supplementary water supplies, are examples of where
standardization can be useful. Context-specific aspects of environmental justice, on the other
hand - e.g., local and/or indigenous definitions of what is “just” - may not share common
outcomes or fit neatly into a liberal juridical framework. Whatever the chosen metrics and
approaches, authors should at a minimum be transparent about the strengths and limitations
of their study designs.

2.6 Conclusion

We reviewed 33 primary data-based studies published between 2002 and 2020 on environ-
mental (in)justice with respect to adequate and safe drinking water access. This review
offers four key contributions to the broader literature on drinking water and EJ. First, our
literature review, to our knowledge, is the first on environmental justice and drinking wa-
ter specifically. By identifying the strengths of our reviewed works alongside gaps in the
literature, we suggest that combining primary with secondary data can enrich EJ research
(potentially beyond the drinking water domain). Second, by focusing on primary data-based
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studies, we draw out insights pertaining to drinking water and EJ, such as user perceptions
of water quality or activist narratives of resistance. We show, for example, how EJ strug-
gle is a dynamic process, through which community priorities co-evolve with environmental
conditions (e.g., availability of drinking water) and political responses (e.g., resistance or
cooperation by government and industry) over time. We show how perceptions — how people
in communities feel — give shape to cases of procedural injustice or calls for recognitional
justice. These observations are necessarily excluded in papers relying mainly on secondary
data but remain essential to understanding EJ struggles over drinking water access. Third,
we show that primary data-based EJ studies on drinking water are predominantly predicated
on redress by the liberal state, though the broader EJ literature contains active critiques of
the liberal racialized state, especially in the US. Fourth, we demonstrate how multiple types
of injustice are often co-produced and mutually-reinforcing.

As might be expected, most of the reviewed studies were concerned with drinking wa-
ter access difficulties in marginalized communities — by race, ethnicity, and socio-economic
status. While many drinking water and EJ studies refer to health impacts, relatively few
are designed to measure drinking water exposures and associated health outcomes. Distri-
butional and procedural injustices remain the dominant forms of injustice in the reviewed
literature. Community protests and resistance when faced with drinking water challenges
are also a common theme, but several studies describe years of “pushing” and years of ne-
glect before state agencies offer any redress (if at all). Critical EJ theorists have therefore
argued that relying on the state, which is often complicit in perpetuating injustice, is not
a useful way forward for the field. However, what communities should walk towards when
“walking away” (Pellow 2017) from the state is ill-defined in the EJ literature. Overall, few
of the reviewed studies are designed to explicitly assess responsibility. The accountability
for redress under different forms of water governance remains an important area for future
research.

The original EJ framework has broadened out to GEJ, which connects local EJ struggles
to larger political economy forces, and to CEJ, which argues for a more critical examination
of the role of the state as well as for a more inclusive role for gender and ecology within
EJ. Drinking water studies appear within the GEJ strand, but to a lesser extent in the
CEJ strand. (See Table S7 in the supplementary materials for a breakdown of how our
reviewed papers overlap with GEJ, CEJ, and Pellow’s (2017) four pillars of CEJ.) US-
based studies, in particular those influenced by CEJ, have started to analyze the structural
racism that underlies the liberal US state as part of their analysis of EJ and water (Pulido
2016; Ranganathan 2016). Future EJ research can take the field towards a more nuanced
understanding of how racial policies and governance structures - liberal and otherwise - have
shaped the drinking water disparities of today. GEJ studies have accepted the juridical
redress framework of EJ to varying degrees, but US-based studies have yet to incorporate
the strengths of many global studies (such as a detailed account of coping costs, or theorizing
coping as a form of resistance when legal means of access seem infeasible). What US-based
EJ studies can learn from the Globally-framed EJ literature is also an important area for
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future research.
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Figure 2.1: Literature search flow chart (additional details in Figures S1 and S2).
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* while primary data collection was technically also a criteria of inclusion at this screening
phase, we found that studies often do not elaborate on their data collection methods in their
titles or abstracts; as a result, we opted to err on the side of inclusion at this step.
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Figure 2.2: Distribution of drinking water studies (blue) and author affiliations (red).
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Figure 2.3: Diagram of the multidirectional relationships between different types of justice.
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Chapter 3

Environmental Justice 1s at a
crossroads with machine learning”

Machine learning (ML) applications in environmental science (Zhong et al. 2021)), monitoring,
and regulatory enforcement (Hino, E. Benami, and Brooks 2018) range from estimating
environmental pollution (Liu et al. 2022)) to predicting future climate change (Rolnick et
al. 2023) and sea level rise (Nieves, Radin, and Camps-Valls [2021)). Allusions to justice
implications of research findings are also common (Lobo, Laraway, and Gadgil 2022)). The
logic bridging ML to EJ — which is often implied and not explicitly elevated — is the premise
that gaps in environmental data are themselves an injustice. Filling in such gaps through
predictive modeling therefore nudges the needle towards a more just society by moving
regulatory science beyond the assumption of “no data, no problem.” While greater access to
information can be desirable (with important caveats regarding consent, surveillance, and
extractive data collection (Vera et al. 2019)), I aver that algorithms, which can inform EJ
strategies in regulation and policy, leave the door open for unjust outcomes when unvetted.
Thus, algorithms must be assessed to check for biases that could undermine EJ goals, and
the broader connection between ML and environmentally just outcomes needs to be better
elucidated both in theory and in practice.

Environmental scholarship has yet to fully assess the problem of bias and unfairness in
ML. Studies in other fields (Mehrabi et al. 2021)) have shown how algorithms can enforce dis-
criminatory practices, perpetuate structural racism, and worsen disparities (Benjamin 2019)).
One example is how a widely-used algorithm in healthcare decision-making systematically
underestimates health risks for Black patients with implications for racially-biased health-
care provision (Obermeyer et al. |2019); another is the perpetuation of negative stereotypes
of people (and in particular, women) of color by search engines (Noble |2018). In reaction
to such findings, some researchers have called for deliberately-antiracist positioning in ap-
proaches to research by those designing algorithms (Owens and Walker |2020)). There is a

! This chapter is currently in peer-review.
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Figure 3.1: Research articles with terms “environmental justice” and “machine learning” in
two research databases.
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growing consciousness among environmental scientists that ML can cause more harm than
good without proper care (Hanson et al. 2023; McGovern et al. [2022), but the broader
contour of recently published literature indicates this has yet to take hold.

The lack of engagement with this polemical topic within the environmental sciences is
consequential because upstream modeling decisions can determine where or for whom models
perform well. Take, for example, the standard practice of hyperparameter tuning, a system-
atic method of choosing modeling parameters that produce the “best performing” outcomes
(Yang and Shami . This involves running models over multiple iterations and using a
specified metric to compare model performance. This process is inherently value-laden, as
it requires the modeler to define the type of outcome they are optimizing for. A classifi-
cation model optimized for overall accuracy will perform differently from models optimized
for other metrics such as precision (minimizing false positives) or recall (minimizing false
negatives) by design. The quality of input data can also affect performance, as models of-
ten perform better for groups or places that are relatively data-rich (Gao and Cui 2020).
Some researchers have begun to explore distributional effects of algorithmic design (known
as “allocative harm,” as defined by Suresh and Guttag , demonstrating how modeling
decisions can alter modeling outcomes that in turn may condition environmental enforce-
ment or funding (Elinor Benami et al. 2021 Huynh et al. [2024). This alone is reason enough
to exercise more caution when using ML, but as it stands, there is no standard of practice
for researchers to grapple with the EJ implications of their modeling decisions.

Until a such a standard of practice is established, I suggest the following four practices as
a starting point for environmental research using machine learning methods with implications
for environmental justice:
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1. Embrace transparency as a quality requirement (Balasubramaniam et al. [2023), and
take care to explain the reasoning behind data source selection, optimization processes,
and parameter choice;

2. Check for bias and fairness in modeling outcomes (Obermeyer et al. [2019);

3. Explain the logic connecting machine learning outputs (e.g., prediction of air quality)
to one or more aspects of environmental justice; and

4. Clearly communicate whether the modeling process factors justice implications into its
design or parameter choices — as not all research is necessarily guided by principles of
justice — to preempt misinterpretations and/or misapplications of findings.

The broader goal in suggesting these four practices together is to encourage more grounded
conversations on how and why machine learning can help move us closer to an environmentally-
just future. Engaging with specific aspects of justice — e.g., distributive, procedural, recog-
nitional, or non-western indigenous frameworks — could help guide and validate research
design and label choice. Drawing from the literature on community engagement in public
health (e.g., community-based participatory research) to explore when or how to place the
community “in the loop” is another important area of future research. The field at large
would benefit from more precise definitions of justice that are tailored to local or regional
contexts, rather than relying solely on broad, abstract, and universalizing descriptions of a
just future.

Environmental justice is at a crossroads (Sze and London 2008)) with ML, filled with
promise and peril. The peril is not the use of ML itself, but when structural inequalities are
not considered, the equity implications of modeling choices are obscured. As ML is used to
fill data gaps, the irony is that data-scarce areas and communities are particularly at-risk of
bias and unfairness, especially when there are systemic disparities in where, and for which
communities, data are collected as part of regulatory monitoring and enforcement activities.
Predictive algorithms do not solve the underlying, structural problems of power or voiceless-
ness (Mah 2017). When called upon as a goal or motivation, EJ should not be restricted
to being a buzzword in the conclusion section; it should have a place in the methods, too.
From defining EJ (Holifield |2001; Schlosberg 2007) to characterizing the cumulative impacts
of multiple environmental and social stressors (Morello-Frosch and Lopez 2006) and answer-
ing questions of ‘which came first and why’ (Been and Gupta |1997; Mohai and Saha 2015)),
EJ researchers sought to improve scientific methods to better characterize the community
health and equity implications of multiple environmental hazards. As we wade into this age
of machine learning, we must work to extend this framework of scientific reflexivity in how
we use algorithmic approaches when there are implications for environmental justice.
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Chapter 4

Using machine learning to predict
drinking water quality in California®

4.1 Background

Applications of machine learning (ML) for research on environmental science and manage-
ment range from regulatory enforcement (Hino, E. Benami, and Brooks [2018) and climate
science (Huntingford et al. 2019)) to planetary-scale land cover change (Gorelick et al. 2017)).
While contexts vary, the throughline of these studies is the use of ML to extrapolate and
interpolate data to spaces or times where information is otherwise unavailable.

The potential social benefits of machine learning and artificial intelligence have been
discussed extensively (Tomasev et al.|2020), but they come with causes for concern regarding
embedded bias and unintended consequences. Studies in public health and elsewhere have
shown algorithms to codify discrimination, exacerbate systematic inequalities, and reinforce
racist outcomes (Benjamin [2019)), which has prompted calls for more proactive and anti-
racist approaches to research (Owens and A. Walker 2020). With the growing popularity of
ML in environmental science and management, it is important for environmental researchers
to learn from and build upon reflections made in other fields. This chapter builds a growing
body of literature on algorithms and environmental justice (EJ) (Elinor Benami et al. 2021}
Hanson et al. 2023 Huynh et al. 2024; McGovern et al. 2022), and extends the work in this
area with a two-tiered approach of designing and dissecting a ML approach to EJ, paired
with a discussion on the EJ implications of optimization and model design.

This chapter consists of two parts. In the first half, we present a case study of using
ML for EJ-motivated research: prediction of drinking water quality. In the second half,
we dissect this algorithmic approach to examine if and how our modeling decisions affected

!These next two chapters are currently in peer-review as one manuscript, and were co-authored by
Rachel Morello-Frosch and Duncan Callaway. I am grateful for their contributions to this work, and for their
permission to use this research as a part of my dissertation.
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modeling outcomes — and not only how these decisions change whether the model is right or
wrong, but for whom. We find that multiple decision points in the modeling process — from
choosing classifiers, to labels, to input data — can lead to outcomes that differ in consequential
ways. More importantly, we find that these choices can result in significant differences in
demographic characteristics of false negatives compared to true positives (i.e., who the model
is wrong about). We conclude by proposing a set of considerations for researchers to both
follow and improve upon when using ML to address questions of environmental science,
management, and justice. If justice is embedded in policy and regulatory decision-making
(e.g., as signaled by US Federal Executive Order 12898), it is critical to be transparent about
how justice priorities are considered in the research that is used to inform these policies.
This holds particularly true as government agencies are looking towards wider adoption of
ML-based approaches to address data gaps and to undertake anticipatory approaches in
regulatory science (Veale and Brass 2019; Wirtz, Weyerer, and Geyer |2019).

4.2 A case study for machine learning: drinking
water quality in California

In the United States (US), drinking water quality standards are set by the US Environmental
Protection Agency (EPA) under the Safe Drinking Water Act (SDWA) and its amendments.
Most US residents obtain their drinking water from community water systems (CWS), or
public water systems that serve at least 25 people or 15 service connections year-round
(Agency [2015)). CWS must adhere to these federal drinking water standards and are required
to regularly monitor and report their water quality to designated regulatory agencies; states,
in turn, are required by the 1996 SDWA amendments to assist water systems acquire and
maintain the technical, managerial, and financial capacity to comply (Soelter and Miller
1999)). Water systems receive a maximum contaminant level (MCL) violation from the state
if their water samples repeatedly exceed a contaminant-specific threshold set by the EPA.
Water systems receive a monitoring and reporting (MR) violation if they fail to monitor and
report their water quality to the state according to a regulatory schedule (Glade and Ray
2022).

In the case of a water quality violation, the next steps are relatively straightforward
(though resolution can still take a very long time in practice). For example, water sys-
tems must issue boil water notices in the case of bacterial contamination, and there are
state programs in place to fund interim replacement drinking water delivery or point-of-use
treatment systems (California State Water Resources Control Board 2021b). In contrast,
the implications of MR violations are less apparent; they can obscure public health risks as
the water quality of these systems are unknown, possibly masking more serious health risks
(Fedinick et al. 2017)). Furthermore, an earlier report by the US Government Accountability
Office found that monitoring and reporting violations are strong and significant predictors
for health-based violations (Office 2011)).
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There is a substantial body of literature using environmental justice — the principle
that “all people and communities are entitled to equal protection of environmental and
public health laws and regulations” (Bullard [1993) — as a lens through which to understand
the distribution of environmental hazards and burdens, including access to drinking water
(and lack thereof). We consider monitoring and reporting violations as one such concern,
particularly because the relationship between drinking water problems, race, and class are
well-documented in California and across the US (Balazs et al. [2012; McDonald and Jones
2018; Pace et al. 2022). The ability to predict water quality in public systems could therefore
help facilitate proactive measures to advance distributive environmental justice, especially
for drinking water systems that have fallen out of monitoring and reporting compliance. The
expediency with which ML algorithms can flag at-risk systems without the typical costs and
delays associated with water sampling can also help bridge inter-system gaps in technical,
managerial, and financial capacity. The specific aspects of distributive environmental justice
that this chapter operationalizes are (i) access to clean, safe, and affordable drinking water is
uneven; (ii) there are differences in how this uneven landscape of drinking water is monitored
and reported; and (iii) these differences in monitoring and reporting have implications for
nonconsensual, persistent exposures to environmental health hazards.

Researchers have applied ML as an approach to predict water quality with regards to
unregulated or under-sampled contaminants or places, such as arsenic in private wells (Lom-
bard et al. 2021) or lead in schools (Lobo, Laraway, and Gadgil 2022). To our knowledge,
no one has applied ML to address lapses in monitoring and reporting or looked at how up-
stream decisions in the modeling process affect the demographic outcomes of classification
exercises. In this chapter, we train a suite of classification algorithms to predict drinking
water quality using historical drinking water sampling data, spatially-derived agricultural
and geological information, and demographic indicators as inputs. In addition to assessing
out-of-sample performance using a test set, we apply these models to predict sampling out-
comes for systems following a MR violation. (We set aside data on systems that previously
received MR violations from the training process to use as an additional test set.) We then
“dissect” these models to evaluate the impacts of our upstream modeling decisions, such as
model or tuning parameter choice, on predicted outcomes, including different demographic
distributions across the four possible classification outcomes (true positive, true negative,
false positive, false negative). We conclude with recommendations on how to minimize this
type of bias, emphasizing the importance of both transparency and connecting intention to
methods in justice-motivated research.

4.3 Methods

Data collection

We chose the state of California as a case study for its availability of water data and per-
sistence of drinking water issues. We conducted our analysis using R version 4.3.1 (Team
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2023). We extracted all the data in our analysis from publicly available sources. (See Ap-
pendix Table for the data sources of our response and feature variables.) The following
packages were integral to our analysis: tidycensus (K. Walker and Herman 2024) and soilDB
(Beaudette et al.|[2024)) for census and soil data; exactextractr (Baston 2023) and sf (Pebesma
2018)) for spatial methods; and the tidymodels (Kuhn and Wickham 2023) ‘meta-package’
for machine learning implementation. Our process is designed to be reproducible, though
results may change with future updates to available data, such as water system boundaries.

Water system data

Our spatial unit of analysis is the community water system, using data on system character-
istics (California State Water Resources Control Board [2019a)) and spatial boundaries (Cal-
ifornia State Water Resources Control Board 2020) provided by the State Water Resources
Control Board (SWRCB) Division of Drinking Water (DDW). We used water system fee
codes to select for public water systems listed as “Community” (systems that serve water
to 25 year-round residents or through 15 service connections to year-round residents) or
“State Small” (systems that serve water to less than 25 year-round residents through five
to 14 service connections), and which aren’t selling (i.e., aren’t wholesalers) or purchasing
their water. As a measure of quality control, we overlaid the water system boundaries with
a high-resolution 100-meter population grid of California (Depsky, Cushing, and Morello-
Frosch 2022)) to identify those system boundaries that are likely to be inaccurate — either
systems for which our derived population estimates are under 25 and thus below the pop-
ulation threshold for community water systems, or less than 15% of the population listed
online on the Drinking Water Watch (a public drinking water database for California).

Water sampling data

We pulled historical and current drinking water violations and sampling data from the
DDW’s Electronic Data Transfer (EDT) library for water systems with available spatial
boundaries (California State Water Resources Control Board [2024). The EDT is an online
repository of water sampling data collected by water systems and analyzed by laboratories
extending back to 1973. We downloaded data for five drinking water contaminants: arsenic,
nitrate, total trihalomethanes (TTHM), haloacetic acids (THA), and 1,2,3-trichloropropane
(1,2,3-TCP). We chose these contaminants for their public health concern and the prevalence
of samples over the MCL threshold. (See Appendix Figure for histograms of sampling
counts for each contaminant over our study period.) We created a binary (0/1) column to
use as our response variable, on whether the most recent sample for each contaminant taken
at each water system was at/above (1) or below (0) that contaminant’s MCL threshold. We
then calculated the following summary statistics using all samples excluding the most recent:
the total number of samples; the total number of samples over the contaminant threshold
(e.g., MCL); the ratio of samples over the threshold to the number of all samples taken;
and the mean, median, and max sample values. Figure illustrates how we derived label
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and feature values from the EDT dataset. This analysis does not calculate or account for
running averages, which are occasionally utilized in establishing MCL thresholds.

Next, we took annual compliance reporting data across all available years and identified
water systems that received at least one monitoring and reporting-related violation between
2013 and 2021. We defined the “most recent sample” of these systems (the outcome we
are predicting) as the sample taken immediately following their most recent monitoring and
reporting violation. We excluded any sampling data collected after the “most recent,” and
calculated summary statistics for all preceding sampling data following the steps explained
above. (See Appendix Figure S2 for an illustration of this process.)

Figure 4.1: Process for deriving label and feature values from EDT data for a given water
system and contaminant.

EDT SAMPLES
(dates + results) DERIVATIVES

- labels

- water sampling features

We also supplemented EDT data with data from the United States Geological Survey’s
Groundwater Ambient Monitoring and Assessment (GAMA) program (California State Wa-
ter Resources Control Board 2019b), a state program implemented to construct a more
comprehensive understanding of groundwater quality in California. We took the ten nearest
public supply wells to each water systems’ boundaries by Euclidean distance, then calculated
the following summary statistics for our five selected contaminants: total sample count, and
the average, median, and max contaminant concentration values.

Demographic data

We estimated water system demographic characteristics as water systems do not provide
data on their service area demographics and water system boundaries can transect census
boundaries. If a water system fell entirely within one block group, we used that block group’s
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data to approximate that water system’s demographics. If a water system encompassed
multiple block groups, we used our derived population estimates (see above) to calculate the
ratio of each block group’s population to the total population in the water system service
area. We then used this ratio to apportion weights to each block group’s demographic profile,
for sixteen demographic indicators — on race, education, income, employment, and housing

— frequently associated with social vulnerability in the environmental justice literature. (See
Appendix Table for a full list of these indicators.)

Land-use data

We used the water system boundaries to spatially extract land-use characteristics in and
around water systems. We obtained crop-related data from the United States Department of
Agriculture (USDA) National Agricultural Statistics Service (NASS) Cropland Data Layer
(United States Department of Agriculture [2021), land-use data from the USGS National
Land Cover Database (NLCD) (Service 2019), animal feeding operation information from
SWRCB California Integrated Water Quality System Project (California State Water Re-
sources Control Board 2021a)), and soil data from the USDA Natural Resources Conservations
Service (NRCS) Soil Survey Geographic Database (Agriculture Natural Resources Conser-
vation Service 2023)). For each of these land-use characteristics, we estimated coverage in
and around water systems by counting points with a three-kilometer buffer and calculating
relative proportions of coverage using pixels and area.

Data preparation

We structured our final data frame such that each row represents a water system-contaminant
pair, with columns of data on water sampling history, approximated water system demo-
graphics, and nearby land-use. Each row has different values for its water sampling-related
columns, but other columns may have the same values across rows within a water system.
For example, water sampling data would differ for each of Water System A’s rows (i.e., sam-
pling data would differ by contaminant), but the demographic variables for Water System
A would stay the same. Prior to running our analysis, we transformed our data in the fol-
lowing ways: dropped highly correlated features and features with low variance, coerced low
frequency missing values to zero , created dummies for categorical variables, and normalized
our data.

We used these input variables to train and compare the performance of a suite of models
to predict the likelihood of whether the next sample taken by a community water system for
a given contaminant would be predicted to exceed that contaminant’s MCL.

Model training and selection

As explained above, MR-violating systems are the primary type of system we are interested
in predicting. As we processed our data, however, it became clear we did not have sufficient
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data to train models solely using MR-violating systems (there are too few), nor were we able
to meaningfully assess whether MR-violating systems materially differ from non-violating
systems. We therefore decided to exclude MR-violating systems from the training process
altogether and to use them instead as a secondary test set. We evaluated the goodness of
fit of our models for these excluded systems by measuring their ability to classify samples
taken immediately following MR violations (i.e., the next sample identified by date). We
understood the risk that models trained on non-violating systems may be unable to ac-
curately predict water quality for MR-violating systems (i.e., if MR-violating systems are
fundamentally different than non-violating systems). If this were the case, we would have
had to reconsider our approach, or accept and make explicit that these models should not
be used to predict samples for systems out of monitoring and reporting compliance.

We divided our cleaned dataset of MR-compliant systems by contaminant, then randomly
partitioned each into training (70%) and testing (30%) sets (see Figure[d.2)). We stratified this
train-test split using counts of water samples above the MCL. (See Appendix Table for a
breakdown of these counts across train-test splits for each contaminant.) We separated our
dataset by contaminant type for two reasons; first, EPA regulatory requirements related to
sampling frequency and maximum contaminant levels are contaminant specific, and second,
these contaminants are introduced into the water through different pathways, making it
reasonable to expect that the weights of input variables might vary across contaminants.

Figure 4.2: A flowchart of our data subsetting process, using arsenic as an example.

universe

Modeling flow for arsenic (repeated for each analyte)

TRAINING Choose the best
(70%) performer across folds

TESTING

OF DATA (30%)

With MR

We compared the performance of five classification models with our prepared data: elastic
net regularization, random forest, polynomial and radial kernel support vector machines
(SVM), and neural networks. We chose these models for their abilities to handle imbalanced
classification problems and their prevalence in the literature. We performed a minimal
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amount of tuning for each with k-fold cross validation (k=7) before comparing outputs,
using Synthetic Minority Oversampling Technique (SMOTE) to account for the imbalance-
ness of the response variable. Aside from the correct identification of “positive” systems,
we were concerned about the environmental justice and health implications of continued
exposure due to incorrect negative predictions (i.e., false negatives). We thus chose to use
the F2 score (calculated using the equation for Fjz shown below, with § = 2) for model
evaluation and selection to reduce the rate of false negatives.

precision x recall

Fyscore = (1+
pscore = ( +5)52 x precision + recall

Relative model performance rankings differed across performance metrics. Figure
presents the mean values of each metric for each model over cross-validation folds in the
training process.

Figure 4.3: Example of how metric choice can affect evaluations of model performance
(contaminant: arsenic).

F2 measure PR-AUC precision recall ROC-AUC sensitivity specificity
1.00 -

0.75 - model
. Elastic Net
Neural Networks
0.50 -
Random Forest
. Support Vector Machines (polynomial)
0.25- I II . Support Vector Machines (radial)
0.00 -

The ROC-AUC is one of the most used metrics for classification model tuning and selec-
tion, but it can be misleadingly optimistic (i.e., scores are high relative to other metrics) for
evaluating performance on imbalanced datasets (Saito and Rehmsmeier , as exempli-
fied above. This highlights the importance of metric-selection, which we discuss later in the
chapter.

mean performance metric value over folds
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Assumptions and limitations

There are several key assumptions and limitations in our approach. First, EDT data does
not include information on whether sample values represent post- or pre-treatment water
quality. This means that the predicted outcomes should not be equated to exposure to that
predicted water quality. Second, our data is aggregated at the water system level, but water
quality sampling data is available at the source level for recent years (2012 onward). Using
sources within systems as the modeling unit would be an interesting follow-up to this study.
Third, we assume the spatial integrity of water system boundaries for our analysis. While
many contributors have put a significant amount of effort into cleaning up the available data,
the boundaries are imperfect.

4.4 Results

Model performance varied by contaminant. (See Appendix Figure for a comparison of
F2 scores.) No single classifier outperformed all others across all contaminants. Elastic net
and both SVMs (radial and polynomial) consistently performed well, while random forest
consistently performed poorest. To keep our results concise, we focus on one contaminant
(arsenic) and model (elastic net) in the main body of the chapter. (See Appendix Figure S3
for results for the other contaminants for elastic net.)

Figure [4.4] shows the result of applying a tuned elastic net regularization model for
predicting arsenic on our two test sets (the test set — 30% of the data — on the left, and the
set-aside MR systems on the right). We produced these confusion matrices using strict class
predictions, meaning that the model translated probabilities into predictions by comparing
the probability of each system belonging to the “over MCL” class to a default threshold of
0.5.

Figure (classification outcomes for the test set) indicates 93% accuracy overall for
elastic net, with a precision of 0.39 (proportion of correct guesses of “positive” over all guesses
of “positive”), recall of 0.82 (proportion of correct guesses of “positive” over all occurrences
of “positive”), and F2 score of 0.67. The model performed even better when predicting the
next sample for MR violating systems (Figure[4.4B): it correctly identified all water systems
with a most recent sample (i.e. the next sample taken after an MR violation) that exceeded
the MCL, with a F2 score of 0.91.

Implications of using ML for water quality predictions

Through our exercise above, we demonstrate how a machine learning approach can accu-
rately predict drinking water quality. Notably, models performed well not only for systems
in compliance with monitoring and reporting regulations, but also for systems that “just”
received a monitoring and reporting violation (as a reminder: we simulated this by exclud-
ing all sampling data taken after MR violations). In theory, these predictions could help
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Figure 4.4: Example of how metric choice can affect evaluations of model performance
(contaminant: arsenic).
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MCL MCL
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public agencies efficiently and effectively distribute their resources in terms of monitoring
and drinking water regulation enforcement activities.
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Chapter 5

Dissecting an algorithmic approach to
environmental justice

5.1 Dissecting the model to explore justice
implications of modeling decisions

In this chapter, we explore relationships between our modeling decisions, predictions, and
water system demographics. Our aim is to show how modeling decisions affect outcomes be-
yond “performance.” Specifically, we investigate what types of systems or populations would
receive more attention (true positives) or receive less (false negatives) if a regulatory agency
were to adopt this ML approach to guide the targeting of regulatory enforcement activities.
In the following section, we examine: the effect of changing the label on model performance;
how feature choice affects modeling performance; how demographic characteristics of mod-
eling outcomes differ based on upstream decisions; and whether sampling history may bias
results. This list of modeling decisions is not meant to be comprehensive. We conclude with
an exploration on reducing classification bias.

Does changing the label affect predictions or performance?

As the EPA sets MCLs as a practical and enforceable regulatory threshold, they are higher
than health-based standards such as MCL goals (MCLGs) or Public Health Goals (PHGs)
(Agency [2015). Past research has shown how examining relationships between water system
characteristics and water quality at levels below the MCL can reveal statistical relationships
that would have otherwise been masked or muted at higher levels (Mulhern et al. 2022).

Model performance improved (apart from THA) when we changed the label threshold
from the MCL to half the MCL. (See Appendix Figure ) This improvement is to be ex-
pected, as we are effectively making the dataset less imbalanced by loosening the requirement
threshold of the minority class. However, we find that this F2 score improvement obscures
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other changes that would have important public health implications in an applied setting.
When using the % MCL as the label threshold, the model was 91% accurate overall for the
test set (down from 93%), with a precision of 0.71 (up from 0.39), recall of 0.73 (down from
0.82), and F2 score of 0.73 (up from 0.67). For MR violating systems, the model had both
a precision and recall of 0.94 (a gain in precision but a loss in recall), and a F2 score of 0.94
(up from 0.91). (See Appendix Figure for these results as confusion matrices.)

While neither of these models and their respective labels are ‘better’ or ‘worse’ than
the other in absolute terms, their differences highlight tradeoffs inherent in label selection.
Here, the tradeoff is between how accurate the positive predictions are (precision) versus how
complete (i.e., the proportion of total positive predictions they predict correctly, or recall).
These tradeoffs would have real-world implications in a situation where policy makers are
required to weigh the benefits and drawbacks between the two in an applied public health
context. While there is no universally applicable formula to weighing precision versus recall
and what balance is “best” is context-dependent, minimizing false negatives is a defensible
priority for public health.

One option for a regulator would be to use the probability scores output by a less restric-
tive label (e.g., the % MCL) to inform a ranked prioritization system for resource allocation
in terms of regulatory enforcement and monitoring. In addition to having better precision,
it is reasonable to expect (though not guaranteed) that samples predicted to exceed the %
MCL are also likely to be predicted to exceed the MCL. Regulators can then take these
probabilities and pass it through additional considerations, such as past funding history or
community demographics. (See Appendix Figure for an example of how classification

probabilities might be used in a prioritization system.)

How does withholding input features affect modeling
performance?

To assess the importance of different data types on modeling performance, we organized
the feature variables into three categories: drinking water data, demographic data, and
physical (geological, agricultural) data. (See Appendix Table for more information on
how feature variables were categorized.) We then repeated the model training process on the
same split of training-testing data for arsenic and its MCL (just one of many contaminant-
label combinations we could have chosen), but this time using different combinations of these
data group categories (e.g., only water data, water and demographic data, water and physical
data, only demographic data, etc.). When trained using these data categories in isolation,
models with only drinking water data were much better at predicting water quality than
models with only physical data or only demographic data. When two or more of the three
data categories were paired together, model performance either stayed constant or slightly
improved.

Even without a causal component to our analysis, we can infer from these results that
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systems’ sampling history likely play a large role in determining prediction accuracy. This
suggests that predictions made for systems with sparser sampling histories should be subject
to closer scrutiny, particularly those with samples that are predicted to be under the threshold
value.

How are modeling decisions, predictions, and demographics
connected?

We can add a dimension to the confusion matrices shown above by describing each of the
quadrants (true positive, true negative, false positive, false negative) using demographic in-
dicators. Knowing the demographic distribution of each of these four classification outcomes
is of clear interest in a real-world application. We can also compare if or how these indicators
shift within and across categories with different modeling decisions.

Figure presents an example distribution of different demographic variables for each of
the four model prediction categories. This is the output for arsenic MCL exceedances using
elastic net . The figure shows that percentages of certain demographic indicators (% below
poverty, % Black, % renter-occupied housing) appear higher for false negatives (red box) in
comparison to true positives (blue box).

Figure 5.1: Distribution of demographic indicators across the four confusion matrix quad-
rants, predicting for arsenic (MCL) using elastic net.
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When we ran the Mann-Whitney U test (a non-parametric alternative to independent
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samples t-tests) across each of these selected demographic variables and paired model pre-
diction groups, % Black and % renter-occupied housing came back as significantly different
when comparing false negatives to true positives (p = 0.048 and 0.018, respectively). These
statistically-significant differences between false negatives and true positives — alongside the
other visually-evident differences — change or disappear when we change the label thresh-
old from the MCL to 3 MCL, or the model itself to a different classifier (Table 3). (See
Appendix Figure for box plots of other contaminants.) Our point is not to show that
there are certain models or thresholds that result in biased or unfair outcomes, but rather
to emphasize that the potential for such unfair outcomes should not be ignored.

It is challenging to quantify these relationships in a statistically meaningful way given
our sample size: the classification counts for false negatives and true positives are small due
to the imbalanced nature of the data. In the example above, there are only n=>5 systems
in the false negative group for the MCL models (compared to n=26 for the % MCL). The
demographic data is also not normally distributed.

Does sampling history (or the ability to sample) bias results?

We can use the approach above to examine the relationship between sample counts and
different classification outcomes. If there are statistically significant relationships between
the number of samples taken and whether predictions are false negatives or true positives,
this raises a potential concern of embedding bias: if some systems are sampling less because
they lack capacity, policy initiatives informed by a model biased by sample counts could
further exacerbate gaps in sampling ability.

While there is no statistically significant relationship between classification outcomes
and sampling history for models using the MCL label, there are for those using the % MCL
label. (See Appendix Table for Mann-Whitney U test results for sample counts and
model outcomes for arsenic.) One interpretation of these results might be that, as the
label threshold is lowered and the data becomes less imbalanced, sampling history (and in
this case, sampling counts) becomes a much more important predictor. This suggests the
possibility of bias towards systems with larger sampling histories, or richer data.

What can we do to reduce bias in classification outcomes?

We presented above that relaxing the model label threshold from MCL to % MCL is one
option to lessen bias in our outcomes. Depending on the context, however, this may not be
advisable or appropriate. The relationships between MCL thresholds and detection limits
vary by contaminant, as well as by where the samples are sent to be tested.

As an alternative, we explored the effects of adjusting the probability threshold for which
the model classifies a prediction as positive versus negative. The default threshold for classi-
fication models is typically 0.5, but this is not a hard-and-fast rule; moving this threshold is
an established approach for imbalanced classification (Zou et al. [2016]). Below, we took our



CHAPTER 5. DISSECTING THE ALGORITHMIC APPROACH 76

trained elastic net model for arsenic (label MCL) and re-classified the predicted outcomes
using an array of thresholds for positive outcomes. We repeated this for all threshold values
between 0.2 and 0.7, at increments of 0.1. For each threshold, we compared the average
demographic profiles of “false negative” systems and “true positive” systems for the four
selected indicators below (% Black, % below poverty, % unemployed, and % renter).

Table 4 illustrates how the statistical relationships between classification categories and
demographic indicators can shift when probability thresholds for classification are changed.
In this case, only the threshold of 0.2 had p-values above 0.05 for each of these four demo-
graphic indicators. However, due to its relative relaxedness, this threshold had the lowest
F2 score. This approach is context-specific (dependent on input data, chosen model, chosen
parameters, etc.), and cannot be generalized.

5.2 Discussion

In this analysis, we examined the potential environmental justice implications of using
ML for environmental monitoring. In the first half, we demonstrate the potential of ML
as a resource- and time-efficient tool to strengthen environmental justice initiatives under
resource-constrained regulatory settings through a case study on drinking water quality pre-
diction. In the second half, we underscore its pitfalls by dissecting our own modeling process,
showing how different choices can lead to different outcomes. In this discussion, we focus on
one point in particular: the relationship between justice and the pursuit of model optimiza-
tion. We conclude with a set of recommendations for future work.

Optimize to what end?

Our analysis shows how modeling choices can have significant implications with regards
to demographic differences in predictive outcomes. This is by design, as modelers must
define the types of outcomes they are optimizing for, whether explicitly or implicitly. We
call attention to the issue that there is no standard of practice for researchers undergoing
justice-driven projects to be deliberate about which modeling choices and approaches are
most appropriate to advance which specific dimension of EJ in research frameworks and for
regulatory decision-making. In our example, we define our environmental injustice of concern
to be continued, inadvertent exposure due to incorrect predictions (a distributive injustice),
and thus select the F2 score to minimize false negatives through model selection. The
label choice can also change the structural composition of the data (e.g., imbalanced versus
balanced), which can affect precision and recall. Labels, reflecting broader social context, can
also embed bias. Furthermore, our results underscore how maximizing performance may not
maximize environmentally just outcomes. Chasing model performance can improve results
for some communities (e.g., those with more or better-quality data) but not others.

How the practice of algorithmic optimization can exacerbate and entrench disparities
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has been observed in the form of “algorithmic redlining” (Nost [2019; Safransky 2020). En-
couragingly, research indicates that label-driven biases are addressable through label choice
(Obermeyer et al. 2019). Building upon this work, our research underscores the impor-
tance of assessing the implications of modeling decisions to ensure they don’t exacerbate or
entrench existing disparities. We offer our case study as an alternative way of “thinking al-
gorithmically” to resist the hegemonizing of algorithmic knowledge (Machen and Nost [2021))
in the realm of environmental justice policy and regulatory decision-making. Government
agencies are obliged to evaluate their regulations, policies, and practices to ensure that they
do not undermine equal protections and opportunities based on race or otherwise, and the
use of machine learning is no exception. While this approach does not necessarily break the
cycle of extractive logic, or “the logic of pulling relations out from bodies and lands into
data directed towards other ends,” (Vera et al. 2019) there is value in its direct relevance for
policies being discussed and adopted now; our hope is that this way of algorithmic thinking
pushes the needle towards a more just future.

5.3 Future recommendations

The predictive capabilities of ML algorithms hold promise for strengthening our collective
pursuit towards an environmentally-just future. Under the right circumstances, a carefully
designed and implemented model can both help address data gaps as well as inform proactive
policy making and investment. However, we also find that the modeling process itself — as
typically presented in environmental research — is fraught with the possibility of embedding
inequality and bias. We present the following set of recommendations as a starting place for
researchers looking to apply ML to inform environmentally-just outcomes in decision-making.

1. Ensure that the connection between the context-specific definition of justice and the
decisions made across the modeling process are clear, logical, and well-documented;

2. Apply a range of label definitions and thresholds as a sensitivity test;

3. Clearly delineate any significant demographic patterns across modeling outcomes (cor-
rect and incorrect), if and when predictions can be validated; and

4. Report and discuss the sociodemographic characteristics of communities predicted to
be at risk, as well as the implications for where regulatory resources would ostensibly
be targeted.

With this, we build upon existing guidance for environmental justice model selection
(Gardner-Frolick, Boyd, and Giang 2022) by prioritizing justice-based logic for parameter
choices and recommending the evaluation of demographic variables across modeling out-
comes.
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It is exciting to consider the implications of machine learning for environmental science,
management, and justice. Environmental data and its derivatives — e.g., algorithmic pre-
dictions and forecasts — are only going to increase in their availability, accessibility, and
pervasiveness. Our research underscores why it is important for researchers to be specific
and transparent about which environmental justice considerations they considered in their
machine learning workflows. Our set of recommendations is neither complete nor in its final
form; this confluence of machine learning, environmental justice, and responsible research
design is a promising and important area of future research. Our hope is that this work
encourages others to join this conversation and improve and build upon the approaches we
have suggested here.
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Chapter 6

On strengthening the rigor, relevance,
reach, and reflexivity of science’

6.1 Background

Community-academic partnerships have undertaken participatory research on environmental
health and justice that centers communities’ priorities (Salimi et al. |2012) and strengthens
science (Balazs and Morello-Frosch [2013)). Our research collaborative, the Water Equity
Science Shop (WESS; Figure 1), synthesizes the European Science Shop model (Leydesdorff
and Ward [2005))] and principles of community-engaged research practices (Mikesell, Bromley,
and Khodyakov 2013). One fruit of this collaboration is the Drinking Water Tool (DWT),
a free online mapping platform owned and managed by Community Water Center (CWC)
(Pace et al. 2022).

Launched in 2020, the DWT centralizes information on (i) water quality data and possible
contamination sources; (ii) projected groundwater supply impacts from future droughts; and
(iii) who makes key water decisions and how to get involved in water governance. The
bilingual English/Spanish DWT is designed for diverse end-users, including community-
based organizations (CBOs), government agencies, and the public. The DWT addressed the
need for more accessible data on drinking water, which at the time was not easily available
nor interpretable. (California has since developed platforms such as the SAFER dashboards
(2024) to improve drinking water-related data accessibility.) We updated the DWT in 2023
after rounds of community-engaged feedback (Figure 2), adding refined data on domestic well
areas and contaminant sources alongside improvements in mapping water quality, identifying
monitoring gaps, and communicating potential water quality threats. In this practice brief,
we present lessons-learned in community engagement, EJ research, and knowledge-sharing

IThis chapter is currently in peer-review, and was co-authored by Arianna Libenson, Tien Tran, Komal
Bangia, Lara Cushing, Jenny Rempel, Laura August, Lauren Baehner, Rachel Morello-Frosch, and Clare
Pace. I am grateful for their contributions to this work, and for their permission to use this research as a
part of my dissertation.
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Figure 6.1: Water Equity Science Shop. Collaboration outputs are listed next to their
primary agents.
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6.2 Findings

We apply a “4 Rs” framework to assess WESS’s outputs. Balazs and Morello-Frosch intro-
duced the “3 Rs” framework to show how community-engaged research can strengthen the
rigor, relevance, and reach of science (Balazs and Morello-Frosch 2013). They define rele-
vance as “whether science is asking the right questions”; rigor as the “practice and promotion
of good science”; and reach as “lhow| knowledge is disseminated to diverse audiences and
translated into useful tools.” Recent scholarship has suggested reflexivity — self-examination
of positionality, intention, and other aspects of research — as a fourth “R” (Cordner et al.
2015; Lockie 2018 Raphael 2019)).
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Figure 6.2: Timeline of the Water Equity Science Shop’s (WESS) development, the evolution
of its Drinking Water Tool (DWT), and the broader landscape of California drinking water
policy.
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Relevance through responsiveness

In 2013, the Office of Environmental Health Hazard Assessment (OEHHA) launched CalEn-
viroScreen, the first state-managed tool for mapping environmental justice (EJ) and cumu-
lative health impacts (Alexeeff et al. 2012; Cushing et al. [2015)). Similar tools have since
been developed in other states (Min et al. [2019; Williams et al. 2022) and at the federal
level (Council on Environmental Quality 2024)). The first iteration of the DWT incorporated
CalEnviroScreen’s drinking water quality indicator (Bangia et al. 2020). Strengths of such
government tools include their rigor, accessibility, and legitimacy in the eyes of policymakers.
However, state agencies must navigate layers of red tape for such tools to be approved and
updated. In contrast, responding quickly to community needs and changing conditions is
of high priority for CWC (as a CBO). In California, climate change and EJ concerns have
brought the importance of such responsiveness into sharp relief, as communities recover from
thousands of domestic wells running dry during the recent historic drought (Jasechko and
Perrone [2020)) and environmental health science on contaminants such as PFAS advance at
a rapid pace (Johnston and Cushing 2020).

Tools managed by non-government actors can also function as a proof of concept to pilot
methods prior to state adoption. While planning the latest DWT update, community part-
ners and CWC raised the addition of PFAS data as a high priority, compelled by emerging
research on human exposure through drinking water (Domingo and Nadal 2019). At this
point, the State Water Resources Control Board (SWRCB) had made its PFAS sampling
data available through GeoTracker, an environmental regulatory database (Beckley et al.
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2022)). Though a powerful resource as-is, the GeoTracker platform did not include EJ con-
cerns as an analytical lens. To address this gap, we integrated SWRCB’s data into the DW'T
to overlay PFAS data with demographic characteristics and domestic well area boundaries,
and tailor visualizations based on new regulatory standards. WESS is using these spatial
layers together to identify partner communities for a drinking water sampling project to test
for PFAS in unregulated domestic well areas. This EJ and health-motivated approach to
mapping PFAS data is now being considered for the next CalEnviroScreen update.

Rigor through collaborative methods development

Our facilitation of diverse partnerships and conversations about drinking water justice rep-
resents our effort to practice and promote good science. For example, prior to building the
DWT, we organized a meeting in 2018 to encourage dialogue across its anticipated userbase.
Our goal was to collectively identify data gaps and brainstorm how to synthesize existing
resources to address pressing drinking water issues, such as providing interim water access
to domestic well users.

One challenge that came up was how to handle imperfect data. Given the state’s incom-
plete domestic well drilling records, state and local agencies were struggling with how (and
whether) to include domestic well communities in their sustainable groundwater planning
decisions. WESS recognized that estimating domestic well reliance using incomplete data
was preferable to excluding domestic well communities from planning altogether. To enhance
the accuracy of our domestic well use estimates, we integrated residential parcel data with
water systems’ service area boundaries to better define the spatial extent of domestic well
communities (Rempel et al. [2023). This enabled us to estimate domestic well populations
across multiple spatial scales, and to develop the first statewide estimates of populations
relying on domestic wells versus community water systems. WESS is using these data re-
finements to strategize outreach to communities at risk of elevated contaminant exposure
and cumulative health effects.

Reflexivity through multidirectional learning

WESS has encouraged multidirectional learning between community partners, CWC, OE-
HHA, and university researchers. Additionally, over years of collaboration, many WESS
collaborators have worn different “hats” of advocacy, academia, and government, resulting
in overlapping experiences, shared understandings, and trust. This has strengthened WESS’
collective ability to reflect on intended and potential unanticipated impacts of projects and
tools.

Some EJ researchers have challenged the EJ movement’s potential over-reliance on the
state for solutions or reparations (Kurtz 2009). In response, others have characterized this
critique as too reductionist of the complex relationships between EJ movements and govern-
ment actors (Harrison [2023; Purucker 2021). Our experience suggests that such relationships,
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while sometimes challenging, enable EJ communities to effectively shape environmental pol-
icy and regulation as well as the science that informs them.

6.3 Practice Recommendations

We conclude with three practice recommendations that have been instrumental in our work.

Recommendation 1: leverage non-governmental tools to respond
to evolving crises

One of the primary strengths of the DWT is the nimbleness with which it can respond to
evolving EJ priorities and emerging research. Academics have adopted the use of pre-prints
— research manuscripts made available prior to peer review — when quick dissemination of
results is warranted (e.g., during pandemics) (Fraser et al.2021)). In this vein, we recommend
the development and use of non-governmental tools for their responsiveness, in ways that
support their future integration into state-managed regulatory instruments.

Recommendation 2: work with the state to enhance the reach and
sustainability of advocacy and research

The challenge of ensuring the longevity of such tools outside of state contexts is in securing
sustainable resources. WESS has successfully tapped into state, federal, and foundation
funding sources that encourage such community partnerships, which has been critical for
WESS’ long-term sustainability. Collaborating directly with state agencies has also helped
translate WESS’s research and CWC’s advocacy into policy decisions concerning drinking
water access and resource distribution to impacted communities.

Recommendation 3: invest in sustainable relationships that
enable collaboratives to weather ebbs and flows in funding

WESS partners co-developed federal, state and foundation funding proposals to support
community- and data-driven research that advances water justice goals in policymaking.
Our core strength stems from our prior successful and iterative work together that has
sustained our collaborative over the long-term, both when funding has been abundant and
when it has temporarily run dry. Together, WESS partners have ensured a nimbleness in
research aims and approaches, which integrate primary and secondary data analysis to enable
the collaborative to keep policy relevant work active, even during temporary shortfalls in
funding streams.
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Chapter 7

Conclusion

The primary motivation of my research is the existence and persistence of environmental
injustices, which research has shown are spatially distributed along systemic and societal
inequities such as race and class. In the latter half of my years in ERG, my interests
coalesced on the plane where two facets of popular environmental justice epistemology meet:
specifically, on the challenges and opportunities of using big data and machine learning for
prediction in conjunction with participatory research methods and community engagement.

This was not by design, but my dissertation structure roughly follows the evolution of
my academic interests and intellectual growth. I entered the program motivated to study
environmental justice and drinking water disparities in California. Conducting a literature
review (Chapter 2) on this topic was a logical and practical step to familiarize myself with
the current state of knowledge. (The fact that it was the first of its kind was an additional
bonus.) The decision to focus on primary data studies emerged out of a desire to better
understand both on-the-ground and perceived injustices closest to communities. Though
I had not anticipated it at the time, this also became the lens through which I came to
better understand the strengths and shortcomings of secondary data analysis, which machine
learning and big data are built upon.

For myself and for many others, the COVID pandemic (roughly 2020 — 2023) altered
the opportunities for fieldwork, and my attention settled on exploring and practicing the
use of secondary data analysis to address drinking water injustices. My interest was initially
limited to the potential application of emerging predictive algorithms to questions of injustice
(Chapter 4), but I soon found myself even more excited by the prospect of how algorithmic
approaches may be embedding bias and unfairness into their modeling outcomes in ways that
were detrimental for advancing environmental justice (Chapter 5). T felt strongly enough
about this issue to summarize my opinions into a perspective piece (Chapter 3) as I was
finishing up the paper behind chapters 4 and 5. It was important to me that, in contrast
with the other manuscripts I've included in this dissertation, I was the single author for this
piece. It was important because a significant part of my PhD journey (with implications
reaching beyond my academic work) was building up the confidence and desire to stick my
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neck out. This was only made possible through many conversations with supportive and
engaged mentors and peers, but it was nonetheless meaningful to me.

Lastly, I feel incredibly fortunate to have had the opportunity to propose and lead a piece
on collaborative research for environmental justice involving research teams, community
organizations, and state agencies (Chapter 6). The piece itself is short and concise, but
our reflections were distilled from years of collaboration co-developing the Drinking Water
Tool. More than any other chapter, it most closely represents and aligns with the title of my
dissertation. In many ways, this chapter embodies the type of collaborative work I'd like to
dedicate myself to past graduation.

There is also a considerable amount of personal and professional experience I gained
through ERG that is not represented in this dissertation. It does not cover the year I spent
as a Fulbright researcher in China, struggling with the implications of leadership changes
(and therefore research priority changes) in my proposed partner organization, the Chinese
Center for Disease Control and Prevention; the various projects I was a part of as a graduate
student researcher, which formed the basis of my experience with community engagement; or
the work that I hope to continue on bridging participatory methods and big data approaches.

In sum, my PhD journey was not a linear one, and I am grateful for all the lessons,
insights, and different ways-of-thinking I was exposed to as a direct result. It was only
because I was given the room to explore that I was able to build out my spatial and statistical
toolbox while deepening my relationship with environmental justice theory and praxis. We
are at the doorstep of a new era of environmental research (and by association, environmental
justice research) characterized by increasingly complex statistical methods and “black box”
machine learning. My hope is that my research on community-engaged research can ground
and inform future conversations on potential tensions and synergies between algorithmic
prediction and community-centered research design.
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First Appendix: for chapter 2

Table A.1: PRISMA 2020 main checklist

Item

Location where item

is reported

TITLE
Title

ABSTRACT
Abstract

INTRODUCTION

Rationale

Objectives

METHODS

Identify the report
as a systematic re-
view.

See the PRISMA
2020 for Abstracts
checklist

Describe the ratio-
nale for the review in
the context of exist-
ing knowledge.

Provide an explicit
statement of the ob-
jective(s) or ques-
tion(s) the review
addresses.

Page 1

Page 1

Page 1
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Eligibility criteria

Information sources

Search strategy

Selection process

Specify the inclu-
sion and exclusion
criteria for the re-
view and how stud-
ies were grouped for
the syntheses.

Specify all
databases, reg-
isters, websites,

organisations, refer-
ence lists and other
sources searched
or consulted to
identify studies.
Specify  the date
when each source
was last searched or
consulted.

Present  the full
search strategies for
all databases, reg-
isters and websites,
including any filters
and limits used.

Specify the meth-
ods used to decide
whether a study
met the inclusion
criteria of the re-
view, including how
many reviewers
screened each record
and each report
retrieved, whether
they worked inde-
pendently, and if
applicable,  details
of automation tools
used in the process.

Page 4

Page 4

Page 5

Page 5
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Data collection pro-
cess

Data items

10a

Specify the meth-
ods used to collect
data from reports,
including how many
reviewers collected
data  from  each
report, whether
they  worked in-
dependently, any
processes for obtain-
ing or confirming
data from study
investigators, and if
applicable,  details
of automation tools
used in the process.

List and define all
outcomes for which
data were sought.
Specify whether all
results that were
compatible with
each outcome do-
main in each study
were sought (e.g. for
all measures, time
points,  analyses),
and if not, the
methods wused to
decide which results
to collect.

Page 5

Page 5
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Study risk of bias as-
sessment

Effect measures

10b

11

12

List and  define
all other variables
for  which  data
were sought (e.g.
participant and
intervention  char-
acteristics, funding
sources).  Describe
any assumptions
made about any
missing or unclear
information.

Specify the meth-
ods used to assess
risk of bias in the
included studies,
including details of
the tool(s) used,
how many review-
ers assessed each
study and whether
they worked inde-
pendently, and if
applicable,  details
of automation tools
used in the process.

Specify for each out-
come the effect mea-
sure(s) (e.g. risk ra-
tio, mean difference)
used in the synthesis
or presentation of re-
sults.

Page 5

N/A

N/A
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Synthesis methods

13a

13b

13c

13d

Describe the pro-
cesses used to decide
which studies were
eligible for each syn-
thesis (e.g. tabulat-
ing the study inter-
vention characteris-
tics and comparing
against the planned
groups for each syn-
thesis (item 5)).

Describe any meth-
ods required to
prepare the data
for presentation or
synthesis, such as
handling of missing
summary statistics,
or data conversions.

Describe any meth-
ods used to tabu-
late or visually dis-
play results of in-
dividual studies and
syntheses.

Describe any meth-
ods used to syn-
thesize results and
provide a rationale
for the choice(s).
If meta-analysis
was performed, de-
scribe the model(s),
method(s) to iden-
tify the presence and
extent of statistical
heterogeneity, and
software package(s)
used.

N/A

N/A

Page 6, 8

N/A

94




APPENDIX A. FIRST APPENDIX: FOR CHAPTER 2

Reporting bias as-
sessment

Certainty assess-
ment

RESULTS
Study selection

13e

13f

14

15

16a

Describe any meth-
ods used to explore
possible causes
of heterogeneity
among study results
(e.g. subgroup
analysis, meta-
regression).

Describe any sensi-
tivity analyses con-
ducted to assess ro-
bustness of the syn-
thesized results.

Describe any meth-
ods used to assess
risk of bias due to
missing results in
a synthesis (arising
from reporting bi-
ases).

Describe any meth-
ods used to assess
certainty (or confi-
dence) in the body
of evidence for an
outcome.

Describe the results
of the search and
selection process,
from the number of
records identified in
the search to the
number of studies
included in  the
review, ideally using
a flow diagram.

N/A

N/A

N/A

N/A

Page 6
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Study  characteris-
tics

Risk of bias in stud-
1es

Results of individual
studies

Results of syntheses

16b

17

18

19

20a

Cite studies that
might appear to
meet the inclusion
criteria, but which
were excluded, and
explain  why they
were excluded.

Cite each included
study and present its
characteristics.

Present assessments
of risk of bias for
each included study.

For all outcomes,
present, for each
study: (a) summary
statistics for each
group (where appro-
priate) and (b) an
effect estimate and
its precision (e.g.
confidence/credible
interval), ideally
using structured
tables or plots.

For each synthesis,
briefly = summarise
the characteristics
and risk of bias
among contributing
studies.

N/A

Page 6-13

N/A

N/A

N/A
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Reporting biases

Certainty  of
dence

DISCUSSION

evi-

20b

20c

20d

21

22

Present results of
all statistical syn-
theses  conducted.
If meta-analysis
was done, present
for each the sum-
mary estimate and
its precision (e.g.
confidence/credible
interval) and mea-
sures of statistical
heterogeneity. If
comparing groups,
describe the direc-
tion of the effect.

Present results of

all investigations
of possible causes
of heterogene-

ity among study
results.

Present results of all
sensitivity analyses
conducted to assess
the robustness of the
synthesized results.

Present assessments
of risk of bias due to
missing results (aris-
ing from reporting
biases) for each syn-
thesis assessed.

Present assessments
of certainty (or con-
fidence) in the body
of evidence for each
outcome assessed.

N/A

N/A

N/A

N/A

N/A
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Discussion

OTHER
MATION

Registration
protocol

INFOR-

and

23a

23b

23c

23d

24a,

24b

24c

Provide a general in-
terpretation of the
results in the con-
text of other evi-
dence.

Discuss any limita-
tions of the evidence
included in the re-
view.

Discuss any limita-
tions of the review
processes used.

Discuss implications
of the results for
practice, policy, and
future research.

Provide registration
information for the
review, including
register name and
registration number,
or state that the
review was  not
registered.

Indicate where the
review protocol can
be accessed, or state
that a protocol was
not prepared.

Describe and ex-
plain any amend-
ments to informa-
tion provided at
registration or in
the protocol.

Page 13-17

Page 14

Page 18

Page 18-19

Page 4

Page 4

Page 4
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Support

Competing interests

Availability of data,
code and other ma-
terials

25

26

27

Describe sources of
financial or non-
financial support for
the review, and the
role of the funders
or sponsors in the
review.

Declare any compet-
ing interests of re-
view authors.

Report  which  of
the following are
publicly  available
and where they
can be found:
template data col-
lection forms; data
extracted from in-
cluded studies; data
used for all analyses;
analytic code; any
other materials used
in the review.
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End

End

End

Table A.2: PRISMA 2020 abstract checklist

Reported?

TITLE
Title

BACKGROUND
Objectives

METHODS

Identify the report
as a systematic re-
view.

Provide an explicit
statement of the
main  objective(s)
or question(s) the
review addresses.

Yes

Yes
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Eligibility criteria

Information sources

Risk of bias

Synthesis of results

RESULTS

Included studies

Synthesis of results

Specify the inclusion
and exclusion crite-
ria for the review.
Specify the infor-
mation sources (e.g.
databases, registers)
used to identify
studies and the date
when each was last
searched.

Specify the methods
used to assess risk of
bias in the included
studies.

Specify the methods
used to present and
synthesize results.

Give the total num-
ber of included stud-
ies and participants
and summarise rel-
evant characteristics
of studies.

Present results for
main outcomes,
preferably indicat-
ing the number of
included studies
and participants
for each. If meta-
analysis was done,
report the sum-
mary estimate and
confidence/credible

interval. If compar-
ing groups, indicate
the direction of the
effect (i.e.  which
group is favoured).

No

Yes

Yes

Yes
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DISCUSSION

Limitations of evi-
dence

Interpretation

OTHER
Funding

Registration

10

11

12

Provide a brief sum-
mary of the limita-
tions of the evidence
included in the re-
view (e.g.  study
risk of bias, incon-
sistency and impre-
cision).

Provide a general in-
terpretation of the
results and impor-
tant implications.

Specify the primary
source of funding for
the review.

Provide the register
name and registra-
tion number.
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Yes

Information on PRISMA protocol were taken from: Page MJ, McKenzie JE, Bossuyt PM,
Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: an updated
guideline for reporting systematic reviews. MetaArXiv. 2020, September 14.

DOI: 10.31222/osf.io/v7gm2. For more information, visit: www.prisma-statement.org

Table A.3: Studies’ community characteristics (general demographic).

Author Study location racial or ethnic iden- | class

tity
Williams and Florez | US Mexican-American | mixed
(2002)
King et al (2006) UsS unspecified unspecified
Mascarenhas (2007) | Canada First Nations unspecified
Blakeney and Mar- | US unspecified unspecified

shall (2009)
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Castano-Vinyals et | Spain unspecified mixed

al (2011)

Heaney et al (2011) | US Black American low-income

Otero et al (2011) Spain Spanish high-income

Domenech et al | Nepal mixed mixed

(2013)

Heaney et al (2013) | US Black American low-income

Wedgworth and | US Black American low-income

Brown (2013)

Wautich et al (2013) | Bolivia, Fiji, US, | mixed mixed
New Zealand

Balazs and Lubell | US Latino/a/x low-income

(2014)

Balazs and Ray | US mixed mixed

(2014)

Mehta et al (2014) Bolivia, India unspecified low-income

Joshi (2015) India Gorkha unspecified

Corlin et al (2016) | US Navajo unspecified

Flanagan et  al | US unspecified unspecified

(2016)

Kozlowski and | US White American working class

Perkins (2016)

Case (2017) Canada unspecified unspecified

Rutt and Bluwstein | US Black American low-income

(2017)

Sitthikriengkrai and | Thailand Karen (Thai) low-income

Porath (2017)

Wright-Contreras et | Vietnam unspecified mixed

al (2017)

Eggers et al (2018) | US Apsadlooke (Crow) | low-income

Rall (2018) US Black American low-income

Hargrove et al | US Hispanic low-income

(2018)
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Amiri and Zhao | US Black American low-income
(2019)

Sansom et al (2019) | US unspecified low-income
Krings et al (2019) | US Black American low-income
Hale (2019) US unspecified unhoused
Stillo et al (2019) US Black American low-income
Seamster and Puri- | US Black American low-income
foy (2021)

Lockhart et al | US Black American low-income
(2020)

Dobbin (2020) US unspecified unspecified

Table A.4: Studies’ community characteristics (water system-related).

Author infrastructure incorporation locale type

Williams and Florez | piped incorporated urban

(2002)

King et al (2006) mixed unspecified unspecified

Mascarenhas (2007) | unspecified unspecified unspecified

Blakeney and Mar- | mixed unspecified rural

shall (2009)

Castano-Vinyals et | mixed unspecified mixed

al (2011)

Heaney et al (2011) | mixed unspecified rural-urban bound-

ary

Otero et al (2011) mixed unspecified urban

Domenech et al | mixed unspecified mixed

(2013)

Heaney et al (2013) | domestic wells / sep- | unincorporated unspecified
tic

Wedgworth and | mixed unspecified rural

Brown (2013)

Wautich et al (2013) | mixed unspecified mixed
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Balazs and Lubell | mixed mixed mixed

(2014)

Balazs and Ray | mixed mixed mixed

(2014)

Mehta et al (2014) lack of water mains | unspecified peri-urban
/ sewer lines

Joshi (2015) mixed unspecified urban

Corlin et al (2016) | domestic wells unspecified unspecified

Flanagan et  al | domestic wells unspecified unspecified

(2016)

Kozlowski and | mixed unspecified rural

Perkins (2016)

Case (2017) piped unspecified rural

Rutt and Bluwstein | piped incorporated urban

(2017)

Sitthikriengkrai and | mixed unspecified rural

Porath (2017)

Wright-Contreras et | mixed unspecified peri-urban

al (2017)

Eggers et al (2018) | domestic wells unspecified rural

Rall (2018) piped incorporated urban

Hargrove et  al | mixed unincorporated rural

(2018)

Amiri and Zhao | mixed unspecified rural

(2019)

Sansom et al (2019) | piped unspecified urban

Krings et al (2019) | mixed unspecified rural

Hale (2019) water fountain unspecified urban

Stillo et al (2019) domestic wells unincorporated peri-urban

Seamster and Puri- | piped unincorporated unspecified

foy (2021)

Lockhart et  al | domestic wells / sep- | unincorporated peri-urban

(2020) tic

Dobbin (2020) unspecified unspecified rural
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SCREENING J

|

Literature search: phase | (~2017)

Figure A.1: Screening & selection flow chart, phase I (2017)
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* while primary data collection was technically also a criteria of inclusion at this screening phase, we found

that studies often do not elaborate on their data collection methods in their titles or abstracts; as a result, we

opted to err on the side of inclusicn at this step.
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IDENTIFICATION ]

[

SCREENING }

|

Literature search: phase Il (2017 - 2020)

Figure A.2: Screening & selection flow chart, phase II (2020)
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* while primary data collection was technically also a criteria of inclusion at this screening phase, we found
that studies often do not elaborate on their data collection methods in their titles or abstracts; as a result, we
opted to err on the side of inclusicon at this step.
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Note: in the original publication, Tables and [A.4] were one large table. I split them

up for ease of formatting in LaTeX.

Table A.5: Additional information on data extraction.

Author Primary mea- | Reports when | Conceptual ties | Collected po-
sure of DW | data was col- | between drink- | tential health
access lected ing water qual- | outcome data

ity and health

Williams and | both no yes no

Florez (2002)

King et al | unspecified no yes no

(2006)

Mascarenhas quality yes yes no

(2007)

Blakeney and | both yes yes no

Marshall (2009)

Castano- quality yes yes no

Vinyals et

al (2011)

Heaney et al | quality no yes no

(2011)

Otero et al | quantity no no no

(2011)

Domenech et al | quantity yes no no

(2013)

Heaney et al | quality yes yes no

(2013)

Wedgworth and | quality yes yes yes

Brown (2013)

Wutich et al | both no yes no

(2013)

Balazs and | unspecified no no no

Lubell (2014)

Balazs and Ray | quality yes yes no

(2014)
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Mehta et al | quality yes yes no
(2014)

Joshi (2015) quantity no no no
Corlin et al | quality yes yes no
(2016)

Flanagan et al | quality yes yes no
(2016)

Kozlowski and | quality no yes no
Perkins (2016)

Case (2017) quality 1no yes no
Rutt and Bluw- | quality yes yes no
stein (2017)

Sitthikriengkrai | quality no yes no
and Porath

(2017)

Wright- both yes yes no
Contreras

et al (2017)

Eggers et al | quality no yes no
(2018)

Rall (2018) quantity yes no no
Hargrove et al | both no yes yes
(2018)

Amiri and Zhao | quality yes yes yes
(2019)

Sansom et al | quality yes yes no
(2019)

Krings et al | quality no yes no
(2019)

Hale (2019) quantity no yes no
Stillo et  al | quality no yes no
(2019)

Seamster  and | unspecified yes no no

Purifoy (2021)
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Lockhart et al | quantity no yes no
(2020)
Dobbin (2020) | both yes 1no no
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Table B.1: List of response and feature variables’ data sources.

Response variables

Source

Most recent water system WQ sampling
data

State Water Resources Control Board
(SWRCB) Electronic Data Transfer (EDT)

library

Feature variables

Source

Data pertaining to water system and drinking water

Water system boundaries

SWRCB

Population  demographics  (block-group

level)

United States Census (2017-2021 American
Community Survey)

Basic water system characteristics

Safe Drinking Water Information System
(SDWIS)

Historical water system W(Q sampling data

SWRCB EDT library

Historical sampling data from public supply
wells (ten nearest neighbors)

Groundwater Ambient Monitoring and As-
sessment Program (GAMA)

Data pertaining to other relevant characteristics

131 crop- and landcover-specific classes

16 broader land cover categories

Attributes of nearby confined animal feed-
ing operations

National Agricultural Statistics Service

(NASS)
National Land Cover Database (NLCD)
SWRCB
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Table B.3: Census variables and their codes (2017-2021 5-year American Community Sur-
vey). We did not use some of these variables in the analysis if they were highly collinear or
redundant.

Category Variable Code
White B03002_003
Black B03002_004
Race
Asian B03002_006
Hispanic B03002_012
No schooling completed B15003-002
Nursery school B15003-003
Kindergarten B15003_004
1% grade B15003_005
274 orade B15003_006
37 grade B15003_007
4 orade B15003_008
Education 5th grade B15003.009
6" grade B15003.010
7th grade B15003.011
8 grade B15003_012
9" grade B15003.013
10" grade B15003.014
11*" grade B15003.015
12" grade, No Diploma B15003.016
Below poverty line B17101-002
Income
At or above poverty line B17101_003
In labor force B23025_002
In civilian labor force B23025_003
Employment
In civilian labor force (employed) B23025.004
In civilian labor force (unemployed) | B23025-005
Occupied B25002_002
Housing and tenure Vacant 1325002.003
Tenure, owner occupied B25003_002
Tenure, renter occupied B25003_003
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Table B.5: Land-use variables

Source

Variable

NASS

Single variables: alfalfa, almonds, barren, developed (open space, low in-
tensity, medium intensity, high intensity), fallow / idle, forest (deciduous,
evergreen, mixed), grassland / pasture, open water, shrubland, wetlands
(herbaceous, woody), winter wheat / corn (double crop), cucumbers, oats
/ corn (double crop), grapes, olives, other crops, other tree, sod / grass /
seed, cotton, citrus, triticale / corn (double crop), perennial ice / snow,
avocadoes

NLCD

Grouped variables: “other nuts” (pistachios, walnuts, pecans), “wheats”
(winter wheat, durum wheat, spring wheat), “legumes / nightshades”
(tomatoes, potatoes, peppers, dry beans, chick peas, peas, vetch), “corns”
(corn, sweet corn), “other grains” (barley, oats, triticale, rye, sorghum,
rice, double crop winter wheat / sorghum, millet), “fruits” (plums, cher-
ries, pomegranates, oranges, peaches, apples, pears, cantaloupes, nec-
tarines, watermelons, strawberries, blueberries, miscellaneous vegetables
and fruits, honeydew melons), “flowers” (clover / wildflowers, sunflower,
safflower), “roots” (onions, sugarbeets, garlic, carrots, turnips), “bras-
sica” (lettuce, greens, broccoli, cauliflower, cabbage, mustard), “herbs”
(herbs, mint), gourds (squash, pumpkins)

Developed (open space), developed (low-intensity), developed (medium-
intensity), developed (high-intensity), evergreen forest, mixed forest,
herbaceous, open water, barren land, shrub scrub, woody wetlands, emer-
gent herbaceous wetlands, deciduous forest, cultivated crops, hay pasture,
unclassified

SSURGO

drainage class — dominant condition, septic tank absorption fields — dom-
inant condition, slope gradient — weighted average, manure and food pro-
cessing waste — weighted average
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Table B.6: Distribution of MCL and half-MCL occurrences in training and testing sets.

training testing
at or over | under | at or over | under
) MCL 52 1363 | 37 570
arsenic
% MCL | 198 1217 | 103 504
. MCL 26 1307 |9 563
nitrate
+ MCL | 159 1174 | 79 499
MCL 12 1
THA C 913 7 390
% MCL | 63 862 31 366
TTHM MCL 22 1355 | 4 5&7
5 MCL | 121 1256 | 66 525
MCL 4 12 1 4
1.2.3-TCP C 0 55 5 540
% MCL | 45 1250 | 15 540

Table B.8: Model input features organized into broad categories.

Drinking water

Demographic

Physical

EDT water sampling his-
tory; Nearby GAMA well
samples (nearest neighbors)

Commonly used social indi-
cators in environmental jus-
tice research for measuring
vulnerability

Proximate crops;

Proximate land uses;
Presence of animal feeding
operations
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Table B.9: Mann-Whitney U test results for sample counts and model outcomes (false neg-
atives and true positives) for arsenic

elastic net neural net svm (radial) | svm  (poly- | random for-
nomial) est
sample 0.98 0.77 0.99 0.99 0.99
count
(MCL)
sample 0.0016 0.0024 0.003 0.003 0.18
count  (1/2

MCL)
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Figure B.1: Time series plot of EDT sample counts over time. (A) depicts the proportion of
MCL to non-MCL samples, and (B) depicts the same for the MCL.
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Figure B.2: Process of determining the “most recent sample” for systems with MR violations.
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Figure B.3: Model performance for all models and contaminants, MCL and half MCL (F2
score).
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Figure B.4: Confusion matrices for test sets and MR sets using Elastic Net (label = MCL),
all contaminants. Results for all other model and contaminant combinations available upon
request.
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Figure B.5: Confusion matrices for test sets and MR sets using Elastic Net (label = % MCL),
arsenic.
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Figure B.6: Example of a resource prioritization system using classification probabilities.

Model predictions (e.g., arsenic MCL)

ID truth probability - -
[ Funding history ]

1 CA1500442 Yes 1.00
2 CA3500810 No 1.00 ( Vulnerability
3 | CA1500436 | Yes 1.00 Irciiceiiors
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80 | CA2701956 No 0.51

Date of last
81 |CA4810801 | No 0.49 sample taken
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Figure B.7: Distribution of demographics indicators for the four other contaminants across
classification outcomes using Elastic Net.
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Figure B.7: Distribution of demographics indicators for the four other contaminants across
classification outcomes using Elastic Net.
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