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Abstract: Ensuring access to safe drinking water is a challenge in many parts of the world for reasons
including, but not limited to, infrastructure age, source water impairment, limited community
finances and limitations in Federal water protections. Water quality crises and the prevalence of
impaired waters globally highlight the need for investment in the expansion of drinking water
testing that includes public and private water systems, as well as community outreach. We provide
justification including a case example to argue the merits of developing drinking water testing
and community outreach programs that include drinking water testing and non-formal education
(i.e., public outreach) regarding the importance of drinking water quality testing for human well-
being and security. Organizers of drinking water testing programs should: (1) test drinking water
quality; (2) develop drinking water quality databases; (3) increase public awareness of drinking water
issues; (4) build platforms for improved community outreach; and (5) publish program results that
illustrate successful program models that are spatially and temporally transferrable. We anticipate
that short-term and intermediate outcomes of this strategy would improve access to drinking water
testing, facilitate greater understanding of water quality and increase security through inclusive and
equitable water quality testing and outreach programs.

Keywords: water quality; drinking water; community outreach; urban communities; metropolitan
communities; rural communities; public water systems; private water systems; public health;
water security

1. Introduction

Access to safe drinking water is essential to human health, a basic human right and
a critical component of effective public health policy [1]. The United States has a long
history of ensuring access to safe drinking water starting with the passage of the Safe
Drinking Water Act (SDWA) in 1974 [2], which authorizes the use of national drinking
water standards to protect against health effects from naturally occurring and anthro-
pogenic contaminants [3]. In other countries, there are also many complex issues related to
access to safe drinking water. These challenges are often exacerbated by reduced public
confidence in safe natural sources of drinking water as well as increasing costs of processed
(e.g., bottled) water [4–6]. Many countries are enacting policies that improve conditions.
For example, in the European Union countries, Directive 2020/2184, pertaining to the
quality of water used for human consumption, was ratified in 2020 [7]. This set of pro-
gressive policies is greatly advancing how drinking water is controlled and maintained.
Similarly, globally, increasing household connections to water supplies and greater commu-
nity participation in sanitation interventions appear impactful towards reaching the 2015
Sustainable Development Goals [8,9]. An example of this is the efforts to improve water
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service delivery in northern Ghana with stakeholder engagement and the application of
continuous quality improvement methods, including safe water storage, improved the
microbial quality of consumed household water [10]. Despite progress, ensuring safe
drinking water access and availability has become increasingly challenging for municipal
and private water systems in the United States and elsewhere, given the increasing and
competing demands of contemporary society and the prevalence of poor water, sanitation
and hygiene globally [11,12].

Stressors to municipal water systems include, but are not limited to, aging infras-
tructure, impaired source waters and strained community finances [13,14]. In the United
States alone, communities have been impacted by recent cases of impaired municipal
drinking water quality. For example, the 2014 crisis in Flint, Michigan, exposed up
to 98,000 residents to elevated lead levels, disinfection by-products and Escherichia coli
(E. coli) bacteria [15–17]. Additionally, interruptions to potable water supplies have nega-
tively impacted large communities by limiting their access to safe drinking water. Other
examples include the 2014 Elk River chemical spill in West Virginia, USA [18]; the harmful
algal blooms on Lake Erie, USA, that contaminated drinking water supplies from Ohio,
USA, to Ontario, Canada [19]; widespread water supply disruptions throughout Texas,
USA, in the aftermath of Winter Storm Uri in 2021 [20], or Hurricane Irma in 2017 that
decimated many Caribbean island water resources [4].

In the United States, approximately 13% of households rely on private water sys-
tems for their drinking water [21]. These water systems are very often not regulated
(or audited) [3,22]. This is important because various microbial pathogens and chemical
contaminants, including (but not limited to) naturally occurring arsenic, may be found
in higher concentrations in domestic wells [23–25]. Although many private wells supply
high quality drinking water [26], the number of contaminated wells in the United States
is rising [27]. Additionally, many well owners do not perform or pay for recommended
drinking water quality testing due to limited knowledge about drinking water testing and
high testing costs [27,28]. Moreover, detailed information on private well water contami-
nants and safety across the United States is not readily available [3,21]. Consequently, not
only is information unavailable to best support individual stakeholders, but insufficient
well water data exist to enable the assessment of where private water supply infrastructure
improvements are needed most.

While regulatory mechanisms, including water quality testing, are often in place to
ensure safe drinking water to homes and workplaces that are connected to municipal
systems, limited domestic well water quality data and the growing risk of municipal
water contamination necessitate expanded drinking water testing, regardless of the water
source [3,6,14,29]. Drinking water testing can serve as an effective management strategy
to ensure access to safe, high quality drinking water from municipal and private systems,
thereby providing a mechanism to improve public health while also providing direction,
by means of stakeholder feedback, for where water infrastructure may be most greatly
needed [22,30]. For example, Swistock et al. [31] conducted a study in 2007 to sample
drinking water from privately owned wells in Pennsylvania, USA. Over 40% of the sampled
wells failed at least one health-based drinking water standard and 76% of those well owners
took at least one action to correct or manage the problem. It follows that, if routine water
testing at the point of consumption became more common throughout the United States
and elsewhere globally, including developed and developing countries, consumers would
be able to make more informed drinking water-related decisions, which would result in
increased localized problem mitigation strategies and solutions.

Drinking water quality (and therefore security) in agricultural lands may be at as
great, or greater risk than drinking water sources from other land-use practices. There
is a great need for development of a culture for drinking water testing in these locations.
This is important given that agricultural practices that often include land clearing (e.g.,
removal of forests) and fertilizer application are common sources of nutrient and sediment
pollution [32,33]. For example, excess nutrients, such as nitrogen and phosphorus, are
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linked to eutrophication, which, in turn, can result in lower water dissolved oxygen, thereby
worsening overall water quality through a variety of means [34,35]. Sediments are known
to transport toxic contaminants and pathogens, as well as heavy metals and polycyclic
aromatic hydrocarbons (PAHs) that may alter the effectiveness of ecosystem functions, alter
water column light penetration and bury habitats via excessive sedimentation [36]. Thus,
drinking water quality in areas with greater agricultural activity may be at risk; however,
increased drinking water quality data at the point of consumption are needed to identify
high risk critical source areas for drinking water in agricultural lands [37].

Providing access to drinking water testing is an important first step for educating
consumers and for diagnosing drinking water quality problems [28,38]. In practice, po-
tential public health concerns, such as waterborne disease outbreaks, could be traced to
source(s), if drinking water testing was expanded to the points of consumption, and pre-
vented, if increased testing encouraged changes in practices that positively impact water
resources [3,39,40]. Waterborne disease outbreaks from aquatic fecal pollution result in
unsafe water quality for many beneficial uses and account for approximately 10% of the
annual global disease burden, including approximately 1.4 million child deaths each year.
This surprising figure exceeds the mortality of malaria, measles and AIDS combined [41,42].
Given these unexpected figures of mortality for fecal pollution alone, it is surprising that
more measures are not taken to standardize drinking water security education, testing
and reform.

Promoting drinking water testing education is a vital component of any initiative
designed to mitigate water quality or public health problems [24,43]. It is through this
process that cultures, habits (i.e., drinking water testing) and outcomes change. Previous
research studies demonstrated that community outreach is a critical component to improve
drinking water quality [44] and public perceptions can contribute to improvements in
water resource management [39,45,46]. It is accepted that providing meaningful drinking
water quality information is an effective method to increase individual knowledge and
may result in more point of consumption drinking water testing [28,30]. Direct outcomes
of increased drinking water education and testing include a more informed population that
would take preventative actions to decrease the likelihood of future drinking water quality
problems and increase the likelihood that drinking water contaminants are mitigated before
they can negatively impact public health and result in higher health care costs [22,38,47].

2. A United States Appalachian Region Case Study

Drinking water in the United States is often withdrawn from surface waters and
groundwater [48]; however, drinking water sources vary in quantity and quality depending
on location [49,50]. In the United States, the Federal government, State governments and,
sometimes, local water districts share responsibilities to uphold drinking water standards
for the public [51]. At the Federal level, most regulations fall under the Safe Drinking
Water Act [2,49]. This arrangement of policies to secure public drinking water safety is not
uncommon globally, so we present it here accompanied by a case study and application.
Our case study is the state of West Virginia, USA, a state with a distinct water resources
history [52] and widespread reliance on public (e.g., municipal water) and private (e.g.,
wells, springs, cisterns) drinking water supplies [50].

West Virginia’s water resources include more than 31,000 stream miles, over 135 man-
aged impoundments and groundwater from six major aquifers [52,53]. A 2016 assessment
showed that more than 60% of the state-managed water resources are classified as having
impaired water quality, under the Clean Water Act, Section 303(d) [52,54]. This figure
is higher than the national impairment estimates of 46% and 21% for stream miles and
freshwater bodies, respectively [55]. Water quality violations in West Virginia include, but
are not limited to, mercury, polychlorinated biphenyls (PCBs), low oxygen, nitrogen, bacte-
ria, metals and acidity [52]. Many of these contaminants are directly related to statewide
land-use patterns, including agricultural practices, historic and contemporary natural re-
source extraction practices and industrial activities [21,56,57]. Contaminated source waters,
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including surface water and groundwater, require more intensive and often expensive
treatment and are associated with higher acute and chronic health risks [58].

Additional water resource stressors, such as urbanization [59] and the increasing de-
mand for freshwater supplies [60], further complicate water resource management through-
out West Virginia and the greater Appalachian region. Currently, comprehensive informa-
tion on public and private drinking water quality are limited for West Virginia [21,22,56,61].
The impacts of public water system violations, including (but not limited to) agricultural practices,
natural resource extraction, industrial activities and domestic waste systems, which include septic
drain fields and straight piping, on drinking water are unknown [57,61–64]. Mining practices
have been shown to adversely impact surface and groundwater quality in West Virginia
and may contribute to the contamination of drinking water supplies [21,56]. A recent study
by Hendryx et al. [64] showed that, from 2001 to 2009, West Virginia counties with moun-
taintop coal mining operations were more likely to have significant public drinking water
quality violations but noted incomplete sampling and thus limited scope (inconclusive) of
findings. McAuley and Kozar [65] studied West Virginia groundwater quality and found
that mining practices, in addition to agricultural practices and the presence of chemical
industries, were linked to contaminated groundwater throughout the state [53]. Concentra-
tions of several constituents linked to coal mining, including sulfate, iron, manganese and
total dissolved solids, were significantly higher in wells adjacent to mined areas [65].

Approximately 42% of the population relies on private wells for drinking water in
West Virginia; thus, the risk of well contamination impacting public health is a major
concern. This figure is more than three times higher than the national average [50,52], but
representative of many other regions globally that rely on private well water or experience
similar land-use pressures. A review of municipal drinking water violations from June 2016
to May 2019 showed that much of West Virginia, including rural and urban communities,
received increased drinking water violations during that time [50]. Communities that rely
on private drinking water systems are also susceptible to water quality problems; however,
there are no federal testing requirements for these drinking water sources. It is clear that,
in West Virginia, there is a need for drinking water testing at the point of consumption
for public and private water systems, as poor surface and groundwater quality persist
throughout the entire state [65]. The prevalence of potential drinking water quality risks
throughout West Virginia presents an opportunity to launch an outreach-based, residential
drinking water testing program that would promote water testing and drinking water
education. Although drinking water quality concerns vary by community, region and
country, drinking water challenges (e.g., source water protection, finances, infrastructure
and public health) throughout West Virginia are similar to many Appalachian communities
and regions with similar water- and land-use histories. Thus, West Virginia may be
a model location to implement and learn from drinking water testing and community
outreach programs. By testing drinking water at the point of consumption from public
and private water systems, a drinking water testing and community outreach program
would promote equitable access to safe drinking water in urban and rural communities
while supporting state and national public health initiatives, as well as serving as a model
for similar emergent programs [11,16].

3. Increasing Drinking Water Security with Drinking Water Testing and Community
Outreach Programs

Given challenges of this fundamental global issue, we propose that drinking water
testing and community outreach programs should be broadly invested and should include
free or reduced-cost drinking water testing where possible. In addition, non-formal edu-
cation (i.e., public outreach) regarding the importance of drinking water quality testing
for human well-being and security must be included to broaden testing for all people
to increase citizen awareness and provider responsibility and to advance drinking water
testing as a cultural imperative.
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Objectives for new programs should minimally include the following: (1) testing
drinking water quality; (2) developing a drinking water quality database; (3) increasing
public awareness of drinking water issues; (4) building a platform for improved community
outreach; and (5) developing a drinking water testing and community outreach model
that can be implemented in other regions. This final objective implies that the process
and outcomes of program development should be published and made available to a
global community. Lacking that learned insight, emergent programs may be more bound
to repetition of potential failures. Emergent programs should simultaneously develop a
culture of community outreach through workshops to increase public awareness about the
importance of drinking water testing. Workshops should provide participants with free or
reduced cost drinking water testing, the support required to interpret their individual test
results and, if necessary, connections to additional needed assistance.

To help organize the sequence of steps to satisfy these objectives, we provide a logic
model (Figure 1) that should be considered for any emergent drinking water testing
and community outreach program. A logic model is a conceptual tool for planning and
evaluation that describes program components and what the program would do [66]. The
model is broadly applicable to any location where people have drinking water concerns
and addresses the fundamental issue of lack of drinking water quality data availability at
points of consumption [67].

Programmatic inputs should at least include a program leader, staff or volunteers, com-
munity engagement, a method of conducting drinking water quality testing and analyses,
educational materials, local water resource information and additional support, but may
differ with each unique situation (Figure 1). As per the World Health Organization (WHO)
guidelines for drinking water quality, preventative integrated management practices in-
clude collaboration from multiple agencies and stakeholders to ensure drinking water
safety [1]. Program collaborators may come from a range of professional, governmental,
nongovernmental and private institutions, including, but not limited to, national agencies
(i.e., environmental protection agency), water supply managers (i.e., local municipality)
and surveillance (i.e., public health authorities) agencies [1]. The complexity and breadth of
specific program inputs varies with specific community needs and known drinking water
quality issues. All materials should be relevant to the community and region where the
program is being offered. Free or reduced-cost water testing for participants is not required
but should be considered, as free or low-cost drinking water quality testing increases
the likelihood of participation and of reaching desired program outcomes [27,38]. We do
recognize that there are costs associated with providing drinking water testing, which may
be difficult for some programs. Grant funds, sponsorship, collaboration with an established
certified laboratory and public–private partnerships may present ways to subsidize pro-
gram drinking water testing. Additional opportunities may exist to collaborate with local
outreach or extension organizations. Working with community partners may strengthen
the outreach aspects of the program while simultaneously broadening the messaging reach
and overall impact.

Activities are designed using a workshop model in which program participants attend
a meeting to learn about local water resource issues, including drinking water quality, how
to get drinking water tested, how to interpret drinking water test results and learn about
how to find help locating assistance for mitigation, if necessary (Figure 1). Any educational
method may be used, but previous studies have shown the effectiveness of non-formal
education [44,45]. All activities, regardless of size or scope, should aim to increase public
awareness about the importance of drinking water quality testing. Additional workshop
activities may include time for participants to ask questions/voice their concerns and for
program leaders to gather information regarding local drinking water quality perceptions
(e.g., survey data collection). If drinking water testing facilities or test kits are to be
provided, it is important for program leaders to review the water sample collection process,
test results’ delivery process and results’ interpretation, so participants are knowledgeable
about the process. After the conclusion of the workshop and once drinking water quality
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test results are delivered to program participants, program organizers should follow up
with participants that may need additional resources such as mitigation strategies and local
health department contact information.
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Short-term program outcomes should include a measurable change in participant
knowledge [66,68] and include increased access to drinking water testing at the point of
consumption, program participant learning the status of their drinking water quality and an
increase in community knowledge about the importance of safe drinking water and testing,
regardless of the water source (i.e., public, or private). Intermediate outcomes include
actions taken by program participants ensuring that drinking water in their community
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is safe by getting their own water tested, which, in turn, empowers the local community.
Long-term outcomes include changes to conditions. These include improved public and
private drinking water quality after problems are mitigated, improved public health due to
fewer drinking water-related illnesses and a developed framework that can be transferred
to their communities and regions. This last condition is critical for ensuring program
objectives are met, as a spatially and temporally transferable outreach program has a better
chance at improving more lives through widespread drinking water testing. Program
outputs may also include drinking water quality databases and participant feedback
(though surveys) pertaining to local drinking water quality perceptions and concerns
(Figure 1). Program results (anonymous) should be shared with the public through a
variety of forums including, but not limited to, public reports, online resources, popular
press and peer-reviewed journal articles.

4. Conclusions

The success of any drinking water testing and community outreach program includes
the assumption that participants want safe, clean drinking water for themselves and
their communities, regardless of socioeconomic status or where they live. Herein, we
provide justification, a case example and a logic (workflow) model to argue the merits
of developing drinking water testing and community outreach programs that include
drinking water testing and non-formal education (i.e., public outreach) regarding the
importance of drinking water quality testing for human well-being and security. Although
West Virginia was used as a case study to build out the drinking water testing program
logic model, this workflow is intended to be adaptable to specific community and regional
drinking water concerns. External factors include voluntary workshop participation and
participants facilitating mitigation steps, if needed, to achieve intermediate and long-term
outcomes. By testing water from public and private systems at the point of consumption,
a drinking water testing program would promote equitable and inclusive access to safe
drinking water, greatly advance water security and support public health initiatives [11,16].
This is of critical importance because drinking water testing programs are the best (in
terms of water source type coverage), most inclusive and most equitable way to advance
water security on a community-by-community basis. The workshop and community
outreach model are a path forward that ensures public participation and access to water
quality testing, facilitates greater understanding of water quality and supports real progress
towards addressing global water security.
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