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Abstract: In recent years, there has been much focus on the use of wastewater-based epidemiology
(WBE) in urban centers, particularly for SARS-CoV-2 monitoring. However, less is known about the
application of WBE in rural settings or in areas of limited resources. Most WBE programs in low-resource
communities have occurred outside the United States. To reap the benefits, WBE would need to be tailored
to better reflect the socioeconomic challenges, technical barriers, communication limitations, and variable
wastewater infrastructures associated with rural communities. The objective of this review is to evaluate the
potential opportunities and challenges of deploying the current SARS-CoV-2 monitoring methodologies in
small, rural communities, with a particular focus on rural Texas. For this, we conducted an inventory of rural
communities in the state of Texas and their wastewater infrastructure. Based on specific rural examples,
we evaluated the potential of current WBE methodologies used in urban settings to monitor for emerging
biological agents of concern such as SARS-CoV-2. Our findings include an overview of rural wastewater
capacity across rural Texas, a look at current WBE efforts to detect SARS-CoV-2, and recommendations
for future implementation in two cities in rural counties, Kerrville and Valentine. WBE is a rapidly evolving
public health tool with several notable advantages associated with cost, access, and adaptability. It is of
particular use in resource-limited communities that often exhibit healthcare disparities. This study presents
the first overview of the feasibility of implementing WBE in the rural settings of Texas. We provide several
recommendations and suggest alternatives that may be of use when planning an expansion of WBE into
these areas.
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astewater-based epidemiology (WBE)

‘ " / is a means of examining public health
concerns (disease, drug use, toxins in

the human body) using wastewater as the medium
of investigation rather than direct testing on
individuals. WBE has several notable advantages
over individual testing (Xagoraraki and O’Brien
2019; Wu et al. 2022). WBE uses samples that are
derived from populations rather than individuals,
allowing for anonymized monitoring of human
diseases or other excreted biological or chemical
markers. Another advantage is that the method is
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passive, making use of either grab or automated
sampling of the water at the source. Individuals
need not be present or provide their samples to test
for the agents directly (Polo et al. 2020; Safford,
Shapiro, and Bischel 2022; Wu et al. 2022). The
wastewater flowing through a sampling location
serves as a record of human health because of
modern sanitation engineering.

Determining the role of contaminated water in
the spread of infectious agents within a community
can be traced back to the 1850s when Dr. John
Snow deduced that the Broad Street Pump was the

JOURNAL OF CONTEMPORARY WATER RESEARCH & EDUCATION



Feasibility of Wastewater-based Public Health Monitoring Systems in Texas’ Small Rural Communities 38

4 )

Research Implications

» Wastewater-based epidemiology (WBE)
has enabled surveillance for community
transmission during the COVID-19 pandemic
and helped inform policy actions based on
infection trends at the specific wastewater
catchment level.

+ WBE has great potential for the detection of
public health concerns including emerging
infectious  diseases, antibiotic-resistant
pathogens, pharmaceuticals, and emerging
toxins, such as PFAS. However, the
implementation of WBE in rural areas of the
U.S. has been limited.

A tailored approach to WBE in rural
communities would account for limited
resources and technical and socioeconomic
barriers, and provide supporting data for
public health providers and decision-makers
at the community level.

- J

source of a cholera outbreak in England (Buechner,
Constantine, and Gjelsvik 2004). In the 1930s,
U.S.-based researchers began using wastewater
from the city treatment plants to monitor the spread
of the poliovirus in large communities such as
Charleston (South Carolina), Detroit (Michigan),
Windsor (Massachusetts), and Buffalo (New York)
(Trask and Paul 1942). Salmonella bacteria were
isolated from sewage in Belfast, Ireland as early
as 1928 (Wilson 1933). WBE would continue
to be of value in the detection of water-borne
pathogens throughout the 1950s, 1960s, and into
the late 1980s across the world (Brouwer et al.
2018; Joseph-Duran et al. 2022). It is the preferred
method for polio surveillance around the globe
today (GPEI 2023). Contemporary applications
of WBE include the pandemic outbreaks of the
2000s such as HINI1, Ebola, Zika, Middle East
Respiratory Syndrome (MERS), and Severe Acute
Respiratory Syndrome (Joseph-Duran et al. 2022).

While there has been much focus on the use of
WBE in urban centers, particularly in recent years
owing to the COVID-19 pandemic, less is known
about the application of WBE in rural settings or
in areas of limited resources. Most documented
studies in such areas have occurred outside
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the United States in countries such as China,
Bangladesh, Finland, Australia, and New Zealand
(Lai et al. 2013; Kankaanpdi et al. 2016; Hou et
al. 2020; Price et al. 2021; Jakariya et al. 2022).
Several of these studies combine rural communities
with urban communities rather than treating them
as distinct entities. One of the first documented
WBE applications in rural communities in the U.S.
was in the late 1930s, when researchers studied
wastewater from a rural community in Michigan
for periodic examination for polio (Trask and
Paul 1942). Over the years, very few studies have
employed WBE to detect pathogens within rural
areas of the United States (Bishop et al. 2020;
Margetts et al. 2020; Jarvie et al. 2023).

The reasons for the low utilization of WBE in
these communities are varied and complex. Unlike
their urban counterparts, rural communities are
faced with specific challenges that distinguish
them from urban counterparts. First, there are
several socioeconomic challenges. Studies
have shown that rural residents tend to be older,
impoverished, and lacking in access to job
opportunities and adequate healthcare resources
(Mueller et al. 2021; Rural Health Information
Hub 2023). Rural communities are less resilient
to outbreaks and experience a disproportionate
number of negative outcomes (Perry, Aronson,
and Pescosolido 2021). Such negative outcomes
are exacerbated by a lack of financial capital at
the local level and lower funding from federal
programs (Perry, Aronson, and Pescosolido
2021). Rural communities also face challenges
with access to staff who are available and trained
to support wastewater testing. Wastewater testing
protocols need to be validated and verified,
including the use of blind testing, controls, and
matrix spike-ins, to name a few (APHL 2022).
Management of a wastewater testing laboratory
with a focus on microbiology would now require
advanced molecular microbiology training.
However, training programs in WBE are rare
at the present time, particularly in the use of
cutting-edge techniques such as next-generation
sequencing for variant detection and digital
polymerase chain reaction (PCR). The bulk of the
current protocol development for SARS-CoV-2
detection and other emerging pathogens, such
as the human Monkeypox virus, is spearheaded
by partnerships with academic laboratories. The
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technology is costly and beyond the budget of
most utilities, which likely outsource testing
to local or statewide/federal environmental
laboratories. Most environmental laboratories are
at staffing capacity, busy fulfilling regulatory and
compliance testing needs; time and resources are
lacking for research and development to broaden a
multi-targeted approach for WBE (US EPA 2015a;
Switzer, Teodoro, and Karasik 2016). As of March
15, 2024, according to the Texas Commission on
Environmental Quality, there are 167 labs (out
of 245) certified by the National Environmental
Laboratory Accreditation Program to test non-
potable water.

Lastly, rural communities are different from their
urban counterparts from a wastewater infrastructure
perspective. There can be wide variability in
treatment unit selection, quality and quantity of the
wastewater profile, expense on a per-capita basis,
choice of a centralized or decentralized treatment
system, and numbers of employees dedicated to
wastewater treatment in the community (Boller
1997; Tokich and Hophmayer-Tokich 2006). With
these socioeconomic and wastewater infrastructure
challenges, it is imperative for rural communities
to have information that best reflects their own
community.

In Spring 2021, the Texas Legislature
established the Texas Epidemic Public Health
Institute (TEPHI), located at The University of
Texas Health Science Center at Houston (UTHealth
Houston) (Clark et al. 2023). The institute has a
mandate that includes working collaboratively
with state, local, and federal agencies, academic
institutions, professional associations, businesses,
and community organizations to better prepare the
state for public health threats. We hope that our
efforts will synergize with that of TEPHI’s mission,
with our specific focus on rural communities
and the role of academic institutions located in
these rural regions to support state-wide efforts.
The need to tailor WBE efforts to best reflect the
socioeconomic issues, communication barriers,
and infrastructural challenges associated with rural
communities remains.

In this paper, we present a synthesis of the
potential opportunities and challenges of deploying
WBE methodologies in small rural communities.
Specifically, we identify rural communities in
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terms of their demographic characteristics and their
wastewater infrastructure. We also address how
WBE would be useful in two rural communities
in Texas to provide: (a) representative, unbiased
information on community health, (b) information
in a timely manner, and (c) specific information
needed for public health and regional leaders to
make informed decisions. Ultimately, our goal is to
provide a framework whereby rural communities
could identify indicators of public health for
events such as outbreaks of infectious diseases.
We expect that this framework will help rural
communities establish an early warning strategy
that is cost-effective, in house, informative,
and responsive to the concerns and needs of the
community.

Methods

Answering the question, “What is rural?” is not
a simple task. There are several U.S. governmental
agencies that provide varying guidance on how
to define rural areas in the form of individual
neighborhoods, city boundaries, and counties
(Ratcliffe et al. 2016; Surbhi et al. 2021; Sanders
and Cromartie 2024b). Rather than attempt to
define “rural” to fit all situations that can be found
in Texas, we take a more conceptual approach.
The concept of rural generally connotes a human
population area which exhibits some or all of
the following characteristics (as compared to
urban areas) — less dense in population, farther
from city amenities (e.g., hospitals, professional
sports venues, large office buildings), less diverse
in demographic characteristics, larger travel
distances for daily commutes, and smaller local
government with lower service capacity. These
markers are not meant to assess the quality of
life in such places. They merely help researchers,
planners, and demographers to better define
rural beyond strict determinations. Therefore, in
this work we have made specific assessments of
rurality according to data availability involving
delineation of rural communities, which is
explained in the following subsections. Further
details on the diversity of definitions for rurality
are in the Supporting Information at the end of this
paper, for those interested to see the underpinnings
of our conceptual understanding.
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Texas Rural Population and Demographics

To determine the potential application of WBE
for Texas rural communities, we measured the
extent of rural communities in Texas. We used
the U.S. Census definition based on population
number (population size of < 5,000) (CDC 2008).
Using the U.S. Census definition, we looked at
the population density of rural cities and sampled
four rural cities around the state in the approximate
north, south, east, and west regions to look at the
racial demographics in the cities. To cover a more
inclusive extent of rural communities, and in
addition to the U.S. Census definition of rurality,
we discussed implications of considering metro/
non-metro and urban/not-urban characteristics. Our
population and location data were obtained from
the Texas Legislative Council Capital Data Portal,
which is based on population and city geographic
extent taken from the 2020 U.S. Census. We
converted all city boundaries to centroid point
locations.

Wastewater Flow Data - Wastewater
Infrastructure

To evaluate the potential need, opportunity, and
viability of WBE for rural Texans, we determined
the scale of wastewater generation by defining
cities with centralized wastewater treatment,
their dispersion within the state, their population
density, and their wastewater generation rate per
capita. To define rural cities in this section, we used
the U.S. Census population number of less than
5,000 persons. We collected all the wastewater
treatment plant (WWTP) facility information from
the Environmental Pollution Agency (EPA) Permit
Compliance System (PCS), accessed through EPA
Envirofacts as of April 20, 2023.

WBE in Texas

We reviewed the published literature for
sampling, concentration, extraction, and detection
methods currently being used in Texas in the
context of SARS-CoV-2 as an example of current
technical needs for detecting a biological agent
of concern. Keywords used in the literature
search included: ‘SARS-CoV-2’, ‘wastewater’,
‘surveillance’, ‘wastewater-based epidemiology’,
‘rural’, and ‘detection’. We considered the methods
used, the frequency and nature of sampling, and
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the equipment and procedural approaches currently
implemented in Texas cities (Table 1).

Case Study—Application of WBE in Rural
Communities

To understand how WBE can be implemented
in rural communities, we conducted an analysis
of the distribution of rural communities across
the state and considered the nature of wastewater
infrastructure in those communities. For a more
detailed look, we examined two cities in two
different rural counties in the State of Texas -
Valentine (Jeff Davis County; population 133 in
2019) and Kerrville (Kerr County; population
24,477 in 2021). Kerrville has a population over
24,000, defined as rural in terms of residing
in a non-metro county per the United States
Department of Agriculture (USDA) Economic
Research Services (ERS). According to the
USDA-ERS, a county is considered non-metro if
it meets at least one of these three criteria—"open
countryside, rural towns less than 5,000 people
and 2,000 housing units, and urban areas with
populations ranging up to 50,000 people that
are not a part of larger labor areas (metropolitan
areas)” (Sanders and Cromartie 2024a; 2024b).
Considering Kerr County as a rural county is also
consistent with other definitions as described by
the Texas Department of Agriculture and Texas
Department of Housing and Community Affairs
(Texas State Office of Rural Health 2012; Texas
Department of Housing and Community Affairs
2022). It is interesting to note that Jeff Davis
County, the county in which Valentine is located,
can also be considered a non-metro county.

The factors analyzed in both cities include the
rural demographics, sewer network characteristics,
distance from a major center city (defined as having
a population greater than 200,000 people with an
entity that has current support for WBE activity),
and type of WWTP. Kerrville is in a rural county,
and is, along with Valentine, representative of one
of the two types of centralized treatment plants
in Texas (Figure 1). Valentine has a pond/lagoon
system, characterized by a series of holding ponds,
and Kerrville has an activated sludge system,
characterized by an oxidation ditch system. The
characteristics of both cities are detailed in Table 2.
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City of Valentine WWTP

The City of
Walentine WWTP
consists of
several holding
ponds.

o0 80 160 320 450 640

City of Kerrville and Valentine é@}
Municipal Wastewater Treatment ™%
Plants (WWTPs)

- Wiles

The City of Kerrville WWTF includes an
oxidation ditch, clarifiers, sludge drying
beds, screening, disingection, and
irrigation area.

Figure 1. Characteristics of the centralized wastewater treatment plants in Kerrville and Valentine (Texas Department
of Transportation 2015; 2024; ESRI 2021; Google Earth V 7.3 2024a; 2024b).

Health Outcomes and Literacy Data. The 2010
community health outcomes (HO) for Texas are
publicly available from County Health Rankings
produced by the University of Wisconsin,
Population Health Institute. HO are a combination
of length of life and quality of life, and can be
influenced by a variety of factors, such as access
to clean water, affordable housing, the quality of
medical care, and the availability of well-paying
jobs, all of which are influenced by policies and
programs (UWPHI 2023a). The HO rankings
are based on an ordering of composite z-scores
weighted according to the model in the report,
which assigned weights to specific measures of
heath, standardized the measures within each
state using a z-score, calculated weighted sums
of the standardized measures within each state
and sorted these composite scores to create an
ordering of counties which determined the rank
(UWPHI 2023a). Because the HO ranks are
based on z-scores they do not have units, and they
range from 1 (healthiest) to 221. The following
counties had insufficient data to be ranked in
2010: Armstrong, Borden, Briscoe, Coke, Concho,
Cottle, Dickens, Edwards, Foard, Glasscock,
Hemphill, Irion, Jeff Davis, Kenedy, Kent, King,
Lipscomb, Loving, Mason, McMullen, Menard,
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Motley, Oldham, Reagan, Roberts, Schleicher,
Shackelford, Sherman, Sterling, Stonewall, Terrell,
Throckmorton, and Upton. We used the HO
rankings broken down by location to understand
why HO might differ across a county. We focused
on our two rural cities of Kerrville and Valentine, in
Kerr and Jeff Davis counties, respectively, both of
which are rural counties (UWPHI 2023b). We also
examined the health literacy (HL) scores for our
two communities (National Health Literacy 2010).
HL is defined as the ability to find, understand, and
easily use health information and services to make
informed decisions and take informed actions
(Health Literacy Texas 2023). The HL scores on
the dashboard range from 177 to 280, with higher
numbers indicating a higher level of HL. Rural
and urban communities with low literacy may
exhibit difficulties with reading and interpreting
basic health information such as pamphlets about
a condition.

Results and Discussion

Texas Rural Population and Demographics

Using the U.S. Census definition based on
population number, there are 868 rural cities
(population size of < 5,000) found in Texas, out of

JOURNAL OF CONTEMPORARY WATER RESEARCH & EDUCATION


https://www.zotero.org/google-docs/?VIr1gD

Feasibility of Wastewater-based Public Health Monitoring Systems in Texas’ Small Rural Communities 42

paysiojem
& ur suoneoo] Surjdwes
J[qeloya1d AJryuspt 03
PUE ‘SPOUSIOMIS POZIS

wRISAS YDd [en3Iq SNOLIBA Ul 90udsaid
1pdoi DAoMY 00TXO U0 | I VNI/VNA sjue[d jusuneon T-A0D-SYVS demuis | (;0S7°88T°T
20T T $9q01{ 10J ITY PIOUBAPY [errazamod Suneaq K310 XIS Wox 03 axemyjos Surepouwr | :dod 1207)
19 [[BDIN NDdPP-LY dois-ouQ | daxdry ueSerd) | peaq yiim uoneny vy POISI[ JON | Juonpur LA M Jo yuowkorduyg uoj)Snoy
I 159 YDd-LY T-A0D K10 & SSOIOB  QOUR[[IOAINS
-SUVS 10BN I9[OAD) oudy 96H 13 9SBISIP,, JO SI0JBOIPUI
001D pue waskg YOd [BNSIA | 00€ VNI/VNA 1oyo Yy uosLreduwiod
1o1dox@ Hgomy 00zXO uo | [elA ‘wojyerd syue[d Juouneon ur j00) Sunsedarof e | (,0ST88TT
€207 Te R $9q0I1{ 0] IT3] POOUBAPY pajewiojne uonen[y SYoaMm 98 | AIID € [[e WoLf se 9q ued 1ojemalsem | :dod 1207)
sunydoy NOdPP-IY dais-ouQ | 09¢ d1Fewoy) oAnR3oUONI9q | J10J APOoAN | Juonpur L AAN JATIOQJQ MOY SSISSY U0)SNOH
wosAS
X[ JoySsI{Sury judreaard
O} U0 31y jsowr oy} sem 6[-AIAOD
uone[os] proy syoom | sjuepd juounean | yoiym ul (sopod diz eia)
JI9[ONN B 6€ 10 Joam K10 0M) WO SPAYSIIMIS AJIIUIPI 0} GLLTIY96
7oz e | wuud IN AODU DAD Pim QWIOIqOIDIA uoneInJLIudd B SOWI) | JUONo IOYLIe[O sased 61-AIAOD Arrep | :dod 1202)
19 UOS[AN WAISAS dwWi], [y LVIA XeNTeN pue uonezundsed | oIy} oy omJ, | Arewd g1 MM pue IoJemo)sem s unsny
‘s1owrrd AONIND dDA
PIM WoISAS YD d WL [y
‘o1pmSIuEn() uonen[yenn
uo Y(Oy-aretedag 0o ‘uonendroald HHaJ
do1s-1 9qo1d O199Ddb ‘uonn[d YIM UoroenXd
‘srownd AoDg ‘s1owrnd VH ‘Suneaq peaq
C-AO9D-SUVS N PUe [N m uonsenxs VH uonos9lep VNI
PIM WSAS YD d 18N8I 96H I3 | UOLEBIUIOUOD AI0Joq pUe ‘UONOBNX VN
191dor Homy 00zxXO Uo | 00§ VNI/VNA (A0DEg) SNIABUOIOD SIY 4, 10y | syueld juounean | ‘uonenuddouod ‘Jurdwes | (,057°88TT
120T T’ $9q01 I0J IS POOUBAPY [BIIA QWL uIA0q UM payIds oy K19A9 K310 XIS WOy | I9jemalsem 1oy spoypowt | :dod 1Z02)
wnje] MOdPP-LY do1s-aup o13eway)) st ojdwes yoeq | ojdwies suQ | juanpgur 1AM SurAIeA Jo uoneneAq U0JSNOH
(s)anbruyaay, POURI (S)POURIN wAouanbaag uonedo|
UAIYY wond VAU uondeNXy uone.NUIIU0) won291I05 won291105 asodang ApmS 1)
: VNI JI)BMIISEAA : :

SEX, Ul SAWAYIS M PAYSIQng T AlqeL

UCOWR

JOURNAL OF CONTEMPORARY WATER RESEARCH & EDUCATION



Mendoza-Sanchez, Smyth, Mendez, Pearl, Rifai, Howell, and Butler

43

"0SBO [oBD UT UdYE) d1oMm sojdwes ysodwios 1 7

96H 131
00€ VNI/VNA sjyuejd Juounean werdord | (;STH°8L9
€70T JuawNnSuL YD d [BIIA QUL uonen[y SYoMm 86 £10 anoy woty | Surroyruowr K10 1eak-omy | :dod 1207)
‘[& 30 Ion1D) owIL ] -[ey] X IS8 00SL o13ewoy) oA}ESoUONOS[q | IOJ APO9AN | JUSNPUI JTANAN B JO JUSWISSASSE Uy osed 19
‘uorjepIfeA
K19A0001 10] 9je301INS
SE SNIIABUOIOD QUIAOY
100UU0)) *SOUBIqUIdWL Kepsony, dLMM K10
120C 18 NOdPP-1Y dais-ouo | aqndVIO YHm JAIE3IUONI9[Q JO K19A9 & JuLojuo uonenudouod | (€S8 ISH1
19 1q00IN( UM WSAS YD 1831 | I SWOIqOIITA SuBOW AQ UOT}OBIIXD SyooMm 7 Texia ur o3ueyo oy | :dod 12027)
-V 1o1do1g g0zXO peyorg | 1omod AseaNy -uondiospy | 10J AP[OSA\ | Juonpul JL MM Jo Apmys Terodwo) y | oruojuy ues
PoSNILUD
10 pazumajsed pouad
woISAS Suroq Jo sso[pIegol Noom-6¢ ®©
X9[ ] JoysI3ury uoren[youeu pue Jnoy3noy
Ay} U0 Iy uoneny WwnnoeA sowi 1 UO1}03}OP/UOOBIIX
uone[os| prRy ogropun sojdweg | ‘porrad yoom | sjue[d juoumean VN PUE ‘Uonod[[0d
J19[oNN eI "PaSNJLIIUID JO/pue -y31o ue K19 0M) WO} o[duwes ‘UonENUIOUOD GLLIY96
120z T8 | wuud [N AODU DD Ym QWIOIQOIJIA pozunojsed 101310 Jnoy3noxy) | Juonpye IoyLIed Ioremalsem Ajreoyroads | :dod 1202)
19 1owed WAISAS QW] -[edy £ VIA XBINSeIN jsiy are sojdweg sowm x1§ | Arewid JI MM | ‘Spoyieu Jo uostLredwod v unsny
(s)anbruyday, PO (S)POwIIN wAouanbaa g uoned0|
AdUAIYY w01 VN uondenXy UONE.IJUIIU0)) w090 wo9N0) asodung ApmyS A1)
: VNI JI9)BMI)ISBAN : :

"SBXQ, UI SSWAYDS A\ PAYSI[qN "Panunuod ‘1 d[qel,

JOURNAL OF CONTEMPORARY WATER RESEARCH & EDUCATION

UCOWR



Feasibility of Wastewater-based Public Health Monitoring Systems in Texas’ Small Rural Communities 44

Table 2. Characteristics of two cities in rural Texas, Valentine, and Kerrville.

Sewer Network

Distance from

City Population Characteristics Major City Center WWTP Description Data Source
Valentine | 133 (2019) e Three different pipe 159 miles southeast | Pond system (bar City of
sizes— 19,000 linear of El Paso screen, facultative Valentine
feet 6-10”, 38 manholes lagoon, storage pond) | 2003; City-
e Two locations with Data 2023
200 linear feet, 16” steel
casing
e Lift station, 15,000
linear feet, 3-inch force
main; unknown staff
number
Kerrville | 24,477 (2021) | 200 mi of collection 65 miles northwest | Preliminary City of
lines, 3,163 sewer of San Antonio (screening, grit, Kerrville,
manbholes, 27 lift equalization), aerobic/ | Texas 2023;
stations; 2.2 MGD daily anoxic, oxidation U.S. Census
average flow; a staff ditch, clarifiers, Bureau 2023a
of 13 rapid sand filters,
chlorine disinfection,
dechlorination

a total of 1,223 municipalities. These rural cities
are distributed all over the state (Figure 2), with
75% having populations of less than 2,000.

The size distribution and population density
of all rural cities, as well as demographics of
four representative cities taken from east, west,
north, and south Texas are provided in Figure 3.
The histogram (Figure 3a) highlights the right-
skewed distribution of small city populations,
indicating that many of the towns we examined
are particularly small with about half (438 cities)
having population sizes of less than 1,000 persons.
We sampled four cities around the state in the
approximate north, south, east, and west regions to
look at the racial demographics in the cities (Figure
3b). The sample also contains cities that fit into one
of the four quartiles for rural population size (Q1:
22-422, Q2: 423-989, Q3: 990-2,062, Q4: 2,063-
4,974). In the far west and south of Texas a greater
Hispanic population is evident while in the north
and east, there is a much greater Anglo population.
Varying cultural and social differences among
these communities is likely to influence the level
of acceptance and trust in emerging methods such
as WBE. These trends are important to consider
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as inclusive, ethical, and effective strategies
for implementation are developed (Medina
et al. 2022; National Academies of Sciences,
Engineering, and Medicine 2023). Using the
population size of < 5,000, a statistical summary
of rural Texas city population density is shown
in Figure 3c. Population density helps validate
the rural designation of these cities and informs
some aspects of community cooperation that can
be influenced by population density (Smailes
1996). Higher population density can increase
human interaction, which has impacts on disease
transmission and, potentially, residential interest
in public health. It has been reported that rural
public health workers engage with communities
that tend to be skeptical of the role of government
(Leider et al. 2020). Our results show that the mean
population density of rural Texas cities in 2020 was
680 = 470 people per square mile (mean + sd); 867
cities were included with viable population density
values, when notable outliers were excluded (5%
of cities are outliers). This results in a coefficient
of variation (CV) of 69%, indicating a fair amount
of variation in rural community population density.
Overall, 75% of Texas rural cities in this selection
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Figure 2. Distribution of rural communities (n=868) within the state of Texas. All data taken from the 2020 U.S.
Census, with inclusion criteria of less than 5,000 in total population. Size classes are determined as convenient

intervals from minimum to maximum size.

were at a density of < 1,000 people per square mile
(pop/mi?).

Using the < 5,000 population criterion, 71% of all
cities in Texas are rural. However, the proportion of
the population living in areas of the state considered
rural is small. Out of a total Texas population of 29.1
million in 2020, rural cities account for 1.24 million
people (4.3%) (U.S. Census Bureau 2023b). There
is a sizable amount of the Texas population that lives
outside of incorporated cities (8 million), while all
incorporated cities have a total population of 21.1
million. This population may not necessarily be
classified as “rural” if the population measurement
of < 5,000 is used, i.e., they may live near a city
limit boundary but just outside of it. Consequently,
we consider it likely that communities outside of
city limits could also be classified as rural. A more
inclusive delineation of rural communities is found
when considering metro/non-metro and urban/not-
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urban characteristics. A metro area is defined as
a core area containing a large population nucleus
with adjacent communities that are integrated to
that core (U.S. Census Bureau 2023b). Non-metro
counties are outside the boundaries of metro areas
and could have or not have a population larger than
5,000. The Rural Health Information Hub (RHIhub)
(2023) shows that if counties are determined to
be either metro or non-metro based on various
parameters, including eligibility criteria for federal
programs, 10.8% of all Texans in 2020 live in non-
metro areas. Using non-metro could be a more
inclusive way to classify communities as being
rural. The U.S. Census Bureau’s (2023b) official
fraction of rural for 2020 in Texas was reported
as 16.3%. The Bureau defines any population
which is not found in an urban designated area as
“rural.” Using a population residual calculation, the
Bureau determines that “not urban” is equivalent
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Figure 3. Texas rural city population data. (a) The statistical distribution of population size ranges from 22 to 4,974 as
differential histogram and cumulative population (dashed line). (b) The demographics by race in four cities that span the
four areas of Texas (North, East, South, West). Each city was selected so that one city each was in a different quartile of
rural populations (Q1: 22-422, Q2: 423-989, Q3: 990-2,062, Q4: 2,063-4,974). (c) Rural Texas town population density;
the sign “x” represents the mean. A total of 867 cities were included with viable population density values. The use of an
outlier determination criteria of 1.5IQR reveals an upper outlier threshold of 2000 person/mi? which then identifies that
5% of cities are outliers in the rural Texas town class.
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to rural. Based upon the data we have presented
here at the city boundary level, Texas is in practice
approximately 10% rural, with the fraction of rural
population variable according to the region of the
state, non-metro and “not-urban” characteristics.

Wastewater Flow Data - Wastewater
Infrastructure

The use of population data could provide greater
accuracy on daily wastewater flow and variation,
but for the purpose of this study, we used the
design flow of the WWTP to determine the scale
of wastewater generation. We focused our study on
which cities have centralized wastewater treatment,
their dispersion within the state, their population
density, and their wastewater generation rate per
capita, in order to evaluate the potential need,
opportunity, and viability of WBE for public health
benefits for rural Texans.

The examination of wastewater quantity
and infrastructure in particular communities
we identified as rural requires that there be data
in each community on both population and
wastewater. We therefore had to find a match
between the Census 2020 city name and the city
name in EPA permit records. Out of 868 rural
communities we identified (using the population
< 5,000 threshold), we were able to identify 371
cities for which we could obtain wastewater flow
data, which constitutes a match rate of 43%. We
considered this subset of cities likely to represent
what typically occurs in rural communities across
the state, as the mean population for all the rural
cities we identified (n=868 cities) was 1,430 (range
of 22-4,974), whereas the mean value of cities that
had matching wastewater data (n=371) was 1,724
(range of 116-4,969), a slightly higher population
mean. We hypothesize that this may be because
larger rural cities are more likely to have centralized
wastewater treatment, and thus more likely to have
current permit records available in the EPA permit
records database. However, cities as small as Cuney,
TX (pop. 115), reported a wastewater treatment
permit for even a very small design flow of 0.05
millions of gallons per day (MGD), suggesting
that size alone does not necessarily predict if a city
has centralized wastewater treatment or if their
treatment structure and/or strategy is available in
the EPA permit system.
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Figure 4 provides a spatial outlay of the rural
cities where wastewater treatment matching
was possible in terms of wastewater generated
per capita. In Figure 4a, we see the variation
in wastewater generation rate per capita. The
wastewater generation rate per capita is 234439
gal/person-day (mean+95% conf), and the 90th
percentile of wastewater generation is 353 gal/
person-day. Therefore, there are some unique
instances where wastewater generation per capita
is relatively high, but for most rural areas the
95% confidence span of 195-273 gal/person-day
is representative. When comparing wastewater
generation rate per capita in rural cities (< 5,000
pop.) and urban (> 5,000 pop.) cities we found
a nominal decrease in the urban mean (199 gal/
person-day, n=228) compared to the rural mean
(234 gal/person-day, n=371). However, there was
no statistical difference via an independent sample
t-test (p > 0.05) between these means. We can
conclude that the wastewater generation rate of
urban cities versus rural cities is approximately the
same, at least based on the treatment plant design
flow rate (Figure 4b). The wastewater generation
rates or design flow do not correlate strongly with
geography. However, there is a spatial pattern of
more rural centralized treatment systems with
permits in the eastern third of the state. We think
that this is due to a greater proportion of the Texas
population overall residing in the eastern third as
compared with the central and western thirds. The
census data would support this hypothesis, despite
the growth in population in certain counties along
the border.

Figure 5 shows the overall change in the design
flow rate of treatment plants (i.e., the general
treatment capacity) across the state for rural
cities. There are some notable examples of higher
flow rates in the 2.4-3.2 MGD but only a few. Out
of all wastewater flows, 95% of flows in these
rural cities were 0.96 MGD or less. To put this
scale of flow into perspective, we first compared
it to larger cities of population > 5,000. In this
dataset, 95% of all design flows were 24.7 MGD
or less. At the median level, urban cities had flows
that were about 10x larger (0.25 MGD rural vs.
2.6 MGD urban). We also considered the size of
the inflow pipe to the single WWTP that a rural
location would receive (typically, all rural cities
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Figure 4. Wastewater treatment and rural population data linkages in rural Texas cities. (a) The wastewater generation
rate per capita as design flow of wastewater per unit of the 2020 Census population is provided as gallons per person

per day. (b) The total design flow is for the entire rural community.
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have only one centralized treatment facility).
The median flow rate to wastewater facilities in
a rural city is 0.25 MGD. Figure 5 illustrates the
way such a flow would fill a sanitary sewer main
feeding the plant influent, demonstrating how
different pipe sizes would be filled at the rural
wastewater flow rate for the entire town.

Given that a practical design of such an influent
pipe at the design flow should be at 20-50% full
(to balance cost and capacity to deal with flow
variations), the influent pipe size for this typical
small-town wastewater treatment facility would
be 7-14 inches in diameter. A similar analysis
for the urban median flow (2.6 MGD), if it were
concentrated into a single facility influent, would be
an 18-36-inch diameter pipe.

On average, rural cities in Texas have total
wastewater flows which are 10x smaller than the
typical urban setting. Such differences in pipe size
and flow depth would impact the results of any
WBE strategy. The water depths may be shallower,
and the pipe sizes smaller. An operator’s ability to
easily obtain a wastewater sample would be affected
by this flow depth; at times of lower flow it could
become more difficult to obtain. Despite these
challenges, most rural Texas cities are likely to have
only one WWTP and outfall, which allows for the
entire community to be evaluated for public health
concerns at a single location. The fact that rural
towns have slightly larger wastewater per capita

1.0

0.6
0.5

generation rates may indicate that there is a greater
dilution of fecal matter-influenced wastewater (the
portion most used for WBE) with other wastewater
sources (showers, sinks, local industry, car washes,
etc.). This dilution could obscure the signal of
pathogens or other WBE constituents of interest,
another area of difficulty that rural WBE schemes in
Texas would need to surmount.

WBE in Texas

As detailed studies of methods for SARS-
CoV-2 are available, we focused on detecting a
pathogen such as SARS-CoV-2 when determining
an idealized protocol for a rural setting. We based
our suggestions on comparing techniques used in
Texas cities, when possible, as research in rural
communities is lacking. These suggestions would
also be applicable to sites and locations beyond
Texas with similar processes and population sizes.

Sampling Frequency and Location. Developing
a sampling protocol in a rural community would
require balancing detection errors and resources.
A sampling protocol would ideally include a
daily sampling schedule and composite samples
to avoid errors in non-detectable targets (Table
3) (Ahmed et al. 2022). However, daily sampling
would not be feasible for most communities, nor
would it be cost-effective. Sampling twice per
week for SARS-CoV-2 was determined to be
sufficient to avoid detection inaccuracies and was
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Figure 5. Representative influent pipe sizes for a single rural wastewater centralized treatment facility providing
treatment for the entire city. Calculation conducted at uniform open channel flow at a flow 0of 0.25 MGD ona 1% in a

concrete sanitary sewer circular pipe.
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sufficient to correlate with a 7- to 8-day lag time
in case detection at two Austin WWTPs (Feng et
al. 2021; Nelson et al. 2022). In El Paso, a nearly
weekly sampling approach had a 4- to 24-day lag
time (Gitter et al. 2023); therefore, a biweekly
sampling strategy would be more practical when
limited resources and personnel are considered,
especially in a rural community (Feng et al. 2021).
Extending the time between sampling events
would be expected to increase detection errors for
environmental monitoring; however, an increase
in the concentration of biological or chemical
contaminants observed at multiple sampling
points within a community would then warrant a
strategic increase in sample frequency and location
of sampling points (Levine et al. 2014). Such a
temporal and spatial approach would facilitate
source tracking (chemical or biological) and
localization of the problem while reducing the costs
and barriers for utilities and laboratory personnel.
The Balanced Approach Survey (BAS) considers
spatial variation in sampling locations and targeted
sampling sites based on a determination of more
susceptible populations within an ecological
context (Brown, Robertson, and McDonald 2015).

Our recommendation for the rural Ccities
selected is that WBE should consider a multi-
dimensional environmental sampling approach
to reduce sampling size while capturing critical
data. Regarding application of the BAS (Brown,
Robertson, and McDonald 2015), sampling
sites should be selected based on representation
of wastewater in the geographic area (two-
dimensional points) and include additional
dimensions that determine the sensitivity of
communities or severity of the environmental
impact on subsections of the community. These
could include limited public health resources,
social and economic factors, and the health
behaviors of a population such as those tracked
to determine county health rankings (UWPHI
2023Db). Considering the higher impact that SARS-
CoV-2 had on minority populations, including
more sampling points within these communities
would be crucial (CDC 2020). From our review
of the published literature, WBE sampling points
in what we consider to be rural communities are
currently rare in Texas, with the focus being on
major metropolitan areas such as Austin, Houston,
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San Antonio, and El Paso (Table 1). Addressing
this gap would preemptively address hospital
stress resulting in higher deaths (Soria et al. 2021).

Techniques and Approaches to Sampling. Several
cost-effective alternatives for sampling have been
proposed, such as the “Moore swab,” a gauze
pad suspended by a string in water to provide a
composite sample of human fecal matter by
continuously filtering flowing water over a 24-
hr period (Sikorski and Levine 2020). Testing of
this sampling matrix could be incorporated into a
citizen or community science program for water
surveillance, such as one being conducted by Texas
Stream Teams (a collaborative effort across the
State looking at environmental water quality), in
collaboration with academic or non-profit entities.
Such programs would empower rural residents
to participate and engage in local public health
efforts. Research has demonstrated the feasibility
of passive sampling as a viable method for the
collection of wastewaters to monitor the changes
in viral presence throughout the COVID-19
pandemic, many of which occurred either during
times of low prevalence or in smaller wastewater
communities such as universities (Hayes et al.
2021; Hayes, Stoddart, and Gagnon 2022; Li et al.
2022). In the only North American rural community
wastewater surveillance study, sampling locations
were compared between a pumping station
upstream from a wastewater lagoon and a lagoon
pool (D’Aoust et al. 2021). At both sampling sites,
a 24-hour composite sample, taken every three to
seven days for approximately five months, was
collected using an autosampler. Pumping station
samples had higher levels of SARS-CoV-2, likely
due to the higher fecal-associated material present
at the pumping station site which had degraded
within the lagoon given the high residence time (80
h to 10 days), as well as to low water flow velocity
and particle settling from the use of polyaluminum
sulfate. Total RNA concentrations were up to five-
fold higher at the pumping station, confirming the
degradation of biological material for detection.
Travel time from the wastewater source and
sampling location require consideration of viral
decay. In a Houston study, SARS-CoV-2 viral
decay was > 50% at wastewater sampling points
with a higher number of remote regions (McCall et
al. 2022). Depending on the location of the lagoon
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and the geographical area being served, upstream
sampling may be needed.

For rural communities with lagoon wastewater
treatment, such as Valentine, samples collected
from the last pumping station within a series
could represent the influent collection point of an
urban wastewater treatment. Pumping station viral
load data in the rural community study (D’Aoust
et al. 2021) showed similar trends to the clinical
positivity rate, indicating that the lagoon sampling
location would not be representative of community
trends. In rural communities where cost and
energy supply must be considered, grab samples
taken at a biweekly frequency would need to be
sufficient. The analyses performed by the National
Wastewater Surveillance System (NWSS) used a
15-day surveillance window for trend reporting
(CDC 2023). There is emerging evidence that grab
samples, depending on the context and sampling
targets, are comparable to composite samples
collected over 24 hrs using an autosampler (George
et al. 2022). Unlike grab sampling methods,
autosamplers, while ubiquitous at urban plants, are
costly and it would be difficult to scale up sampling
if many autosamplers were required to maintain a
surveillance program in a rural setting.

Extraction Methods. The choice of concentration
and extraction method also warrants consideration
in the context of rural settings, as many of these
methods are pathogen-specific and require
equipment and technical prowess which may not
be present in a rural, environmental laboratory.
Detection of SARS-CoV-2 in suspended solids is
likely to be more consistent than detection in the
liquid phase (Palmer et al. 2021). In comparisons
of extraction methods from raw wastewater,
electronegative filtration (HA filtration) with bead
beating was determined to be the best approach
based on consistent results above the limit of
quantitation (LoQ), and was the most sensitive in
terms of C, (cycle threshold) value with a strong
correlation to clinical data (Ahmed et al. 2020;
LaTurner et al. 2021; Sharkey et al. 2021). Direct
extraction (centrifugation of a sample followed by
RNA extraction from supernatant) was the cheapest
method in terms of startup costs and consumables,
and even provided the highest concentrations of
SARS-CoV-2 based on genome copies per L of
wastewater. However, direct extraction was less
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likely to have a positive relationship with N1 and
N2 gene copy numbers (LaTurner et al. 2021). The
structural form of SARS-CoV-2 and a surrogate
control requires investigation to understand how the
concentration method affects recovery (LaTurner
et al. 2021; Palmer et al. 2021). The methods
for SARS-CoV-2 recovery may not work for all
pathogens and different kits would be required for
other viruses and pathogens such as bacteria and
parasites. There is no method currently that works
for all agents and some commercial kits are very
costly and require additional equipment. The WBE
studies in Texas have also relied on automated
methods which would not be present in a typical
environmental testing lab. In summary, we believe
that extraction methods are critical when designing
monitoring methods and require extensive
resources. This step might need high expertise
involvement to define a clear prioritization for
targeting agents of public health concern.

Detection and Quantification. To be able to rely
on the results obtained one would need to include
controls. Recovery controls can be used in two
ways: to evaluate the entire processing of a sample
(process control) and to confirm the presence
of fecal matter (fecal indicator). Both have the
potential to be used as a recovery factor for
normalization of quantifiable data, critical given
the range in population densities among rural
communities. Pepper mild mottle virus (PMMoV)
has been used as a human fecal indicator and as
an internal control for normalizing SARS-CoV-2
detection between sampling events (Rosario et al.
2009; Kitamura et al. 2021). When compared to
bovine coronavirus (BCoV) as a process control,
PMMoV detection was more variable, yet had
higher recoveries (LaTurner et al. 2021). In the
rural community study by D’Aoust et al. (2021),
PMMoV was used for the recovery of SARS-
CoV-2 in wastewater and showed trends like that
of clinical data. As a possible limitation of the
study, however, the clinical data obtained was for
a larger geographic region that potentially did not
represent the regions being served by the rural
wastewater lagoon treatment location (D’ Aoust et
al. 2021). Other markers such as CrAssphage and
HF183 can be used as indicators for the presence
of human fecal matter (Ahmed, Masters, and
Toze 2012; Wilder et al. 2021; Sabar, Honda, and
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Haramoto 2022). While BCoV would be suitable
for normalization, it would need to be reexamined
for rural communities where bovine fecal matter
could be a potential contaminant (LaTurner et al.
2021). Human coronavirus 229E (HCoV 229E)
spiked into samples was used as another effective
surrogate for monitoring infections within college
campus residences at the University of Arizona
(Betancourt et al. 2021). An alternative to genetic
data for normalization was used in South India;
quantification of caffeine levels in influent samples
had greater than a 75% concurrence with N1 and
N2 gene copies (Chakraborty et al. 2021).

Another consideration is the use of quantitative
or droplet digital PCR (ddPCR), with ddPCR
rapidly becoming the gold standard owing to its
advantages in dealing with PCR inhibitors and
direct quantification capacity (Al-Duroobi et al.
2021; Ciesielski et al. 2021; LaTurner et al. 2021;
McCall et al. 2022; Hopkins et al. 2023; Jarvie et
al. 2023). Droplet digital PCR allows for absolute
nucleic acid quantification, with higher sensitivity
and specificity than other PCR methods (Hindson
et al. 2013; Kojabad et al. 2021). The target analyte
molecule, DNA/RNA, is encapsulated into nanoliter-
sized droplets that serve as a reaction chamber for
amplification. Ciesielski et al. (2021) compared
SARS-CoV-2 levels in influent wastewater detected
by RT-ddPCR and RT-qPCR and found that RT-
ddPCR signals were detected earlier during the
study, likely when viral loads were lower. The assay
limit of quantification (ALOD) for RT-qPCR was
greater (60 copies/reaction) than RT-ddPCR (0.25
copies/reaction) using the N2 gene of the SARS-
CoV-2 virus. Although RT-ddPCR is more sensitive,
it may be difficult to differentiate background levels
at low concentrations of viral RNA (Park et al.
2021). Ahmed et al. (2022) suggested that RT-qPCR
should be used for wastewater samples because of
the subjectivity in differentiating between a positive
and negative signal with RT-ddPCR.

In the D’ Aoust et al. (2021) study, samples were
concentrated using settling at 4°C for one hour
followed by centrifugation for RNA extraction from
pelleted solids (Qiagen RNeasy PowerMicrobiome
kit). SARS-CoV-2 viral signals were quantified
using the primers for the N1 and N2 regions of the
gene and singleplex one-step RT-qPCR, followed
by normalization using PMMoV detection. Based
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on internal control (vesicular stomatitis virus,
VSYV), extraction recovery was between 3 and
4.5%. As mentioned above, the quantification
of SARS-CoV-2 showed similar trends to the
community data; however, the epidemiological
data was only available for the larger geographic
region (population of approximately 200,000)
and not the regional community (population of
approximately 4,000) that represented only 2%
of the obtained clinical data. The availability of
localized clinical data may also present a challenge
to establishing a rural WBE scheme.

Case Study—Application of WBE in Rural
Communities

We have recommendations that are based on the
characteristics of our two cities (Table 4), derived
from our consideration of rural communities and
the unique challenges associated with rural WBE
strategies because of diversity in size, wastewater
characteristics, and treatment method selection.
The major limiting factor in the deployment of any
WBE strategy is the cost.

Case Study Valentine. While establishing WBE
can be challenging, the case study of Valentine
provides support for the need to adopt WBE within
rural communities. There appears to be no SARS-
CoV-2 case data readily available for Valentine,
and so county-level data must be used. Reviewing
the epidemiological data (as of April 17, 2023) for
Jeff Davis County, there was a reported total of 278
cases with 10 deaths (Huang et al. 2021). There are a
few challenges to consider with data collection and
reporting for a city the size of Valentine. First, this
data represents the entire county, and not necessarily
the city of Valentine. Valentine is not the county seat
of Jeff Davis County—it is Fort Davis, a city slightly
larger than Valentine and so one could infer that
more of the cases reported for the county could be
from citizens in Fort Davis. Further support for this
inference can be seen in the second challenge— the
lack of testing centers relatively close to Valentine.
Currently, the closest testing center to Valentine is
in Alpine, TX, a 60-minute drive away. This testing
center could also be used by residents from Fort
Davis, which is only 30 minutes away from Fort
Davis residents. In addition, Fort Davis had at least
one instance of testing being done in the community
in June of 2020.
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Table 4. Recommendations for considering a WBE approach in a rural community such as Valentine or Kerrville.

Factor

Valentine (pop size=133 in 2019)

Kerrville (pop size=24,477 in 2021)

Sample Collection

just one task at a time.

Grab sampling might be recommended for | Any sampling method might be applicable
this city because the number of staff might | to this city if strategically planned
not be adequate to complete more than

appropriately.

Sample Location
after the bar screen.

Collection within the sewer network or

Collection within the sewer network, at the
headworks, or before the aerobic/anoxic
tank.

Sample Frequency

Recommend using a similar schedule as
employed for BODS collection.

Twice per week.

Sampling Processing
and Assessment
lab.

Consider partnering with local university
partners in El Paso or an environmental

Consider an in-house method such as
purchasing a turnkey device that detects the
pollutant.

Note: Our recommendations consider technical features, however, social factors should also be considered, such
as building capacity, communication with, and characteristics of the community.

Case Study Kerrville. If we consider the sampling
processing and assessment for the city of Kerrville,
using in-house methods would require the city
to procure the necessary equipment to detect
the agent of concern. Equipment costs can vary
based on the precision and complexity of the
instrument, along with the need to continue to
invest capital for consumables, maintenance and
training, and management of personnel. If enough
personnel were trained and capable of using the
equipment, the cost per sample would be less than
outsourcing the work to a commercial lab, which
can be beyond the budget of a rural city. The cost
per sample analyzed, shipping costs, and sample
and shipping preparation costs to an outsourced
lab could be prohibitive. The locations of our
rural cities also suggest the need for collaboration
with a local academic unit or college to support
WBE development. This would require funding
support and the development of training programs
to be implemented at universities and community
colleges in or near rural regions of Texas.

HO and HL Data. The HO and HL for Kerr (home
of Kerrville) and Jeff Davis (home of Valentine)
counties are shown in Figure 6.
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Both rural cities demonstrated low HL scores
compared with their urban counterparts. Kerr had
a HL score of 246.84 compared with that of Travis,
home of Austin (248.41) and Bexar, home to San
Antonio (237.72), while Jeff Davis had a score of
24424, compared with that of Midland (247.23).
The range of reported values is from 177 to 280,
with higher numbers indicating a higher level of
HL. When HO was included (ranging from 1 to
221, with a value of 999 indicating the county was
unranked), the low HO for Jeff Davis (HO:999)
and Kerr (HO:126) compared with Travis (HO:7),
Bexar (HO:78), and Midland (HO:18) gave further
support for the establishment of WBE in these rural
communities. Certainly, with these challenges
for Valentine, WBE monitoring would be an
appropriate tool to complement the health center
testing data and give the city officials of Valentine
a more localized profile to track the spread of the
virus within their community.

Regardless of the method selected, it is our
opinion that the value of information derived from
the analysis should drive decision-making. In
communities with poor HO and low HL, this type of
population-level screening could make a difference
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in morbidity and mortality in the event of a public
health emergency. Several reports and studies have
recommended WBE for rural communities and
made suggestions as to implementation (Shrestha
et al. 2021; National Academies of Sciences,
Engineering, and Medicine 2023). Importantly, the
results must be useful enough to make informed
decisions by providing valuable and timely
information where clinical sampling is lacking or
access to sampling is unavailable to the appropriate
decision-makers at the utility, local government,
and state and federal levels. A reliance on data
from urban centers would likely miss emerging
agents of concern in regions that lack clinical
surveillance.

Challenges for Implementing WBE in Other
Rural Systems and Implications for Stakeholders

Our goal was to understand the potential for
rural communities to employ WBE for measuring
agents of concern such as outbreaks of infectious
diseases (Gruchlik, Linge, and Joll 2018). There are
many practical considerations when developing a
contextualized WBE strategy beyond socioeconomic
and wastewater infrastructure concerns, including
the sampling collection method, sample processing
and assessment, sampling location, and sampling
frequency (Figure 7).

Wastewater Surveillance in Septic Systems. An
important consideration for wastewater surveillance
within rural communities is implementation within
septic systems, also known as on-site sewage
facilities (OSSFs) or decentralized systems.
According to estimates from the American Society
of Civil Engineers (ASCE), approximately 20%
of U.S. citizens, including 60% of rural residents
(Maxcy-Brown et al. 2021), have their wastewater
treated by means of OSSF (Texas Water Resources
Institute 2024). In many places worldwide,
decentralized treatment is still a primary method
of processing municipal wastewater (Shrestha
et al. 2021; Gongalves et al. 2022). With Texans
comprising 5.8 million of those residents on
OSSF (Texas Water Resources Institute 2024), it
is important to consider strategies that will enable
surveillance to be easily implemented within
communities that employ OSSFs.

There are several important questions that
must be answered when thinking about the
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implementation of wastewater surveillance within
these communities. This work will address two
fundamental questions. First, can the samples
collected from OSSFs best represent the population
within a community, given that sampling will
most likely occur in individual households?
Septic systems have hydraulic and pollutant
characteristics that are different from a municipal
WWTP (Iwamoto et al. 2022). For example, it is
suggested that ideal retention time for solids within
a septic tank can range between 12 and 24 hours
(Nnaji and Agunwamba 2012), while at municipal
plants that time is a few days (Li et al. 2023). This
can result in two different outcomes. On one hand,
the concentration of viruses within an OSSF waste
stream could be higher than at a municipal plant.
Since the operation of an OSSF is different from a
municipal treatment plant, viruses are not always
removed as efficiently as in centralized facilities.
This results in viruses being concentrated within
the waste stream not only because the treatment
methods employed are not designed to remove
these agents of concern, but also because there are
no dilution effects or pathways for viral reduction,
as are present in municipal waste streams.
Wastewater in an OSSF is not being transferred
long distances from the wastewater source (i.e.,
homes, apartments, schools) through a distribution
network, as it would be in a municipal system.
This pathway presents the opportunity for the
concentration of these agents to be reduced by
the time the wastewater reaches the plant, and
temperatures during hauling might increase viral
decay (Gwenzi 2022; Li et al. 2023).

Another outcome is that the concentration of
viruses within solids from OSSFs might be different
from the concentration of viruses in municipal
systems. This happens because the solids in a
septic tank stratify from shallow to deep. Amongst
this stratification, the virus attached to the solids
typically will concentrate within the deepest
layers of the tank, which Li et al. (2023) surmise
might result in a possible increase in viral decay,
depending on holding time of the sludge. Factors
such as viral decay, accessibility to household
tanks, temperature, and sampling depth within
a tank could also result in a misrepresentation of
viral load in samples collected (Aslan et al. 2020;
Li et al. 2023). Also, unlike a municipal treatment
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Figure 7. A diagram of the main factors that must be considered when instituting a WBE program. Each factor
includes bullet points that outline key points and/or questions that provide context on how each factor relates to the

establishment of WBE within a city.

facility where the wastewater amalgamates together
giving some representation of the individuals
in the community (Minnesota Pollution Control
Agency 2024), OSSF wastewater is not always
collated. In those scenarios, samples will need to
be done at individual homes in order to obtain a
community profile. This poses not only a time and
financial constraint, but also raises potential ethical
challenges as well (Shrestha et al. 2021). In cases
such as these, it would be more feasible to sample
pumped, hauled sewage rather than individual
septic tanks (Li et al. 2023).

A second important question to address is where
and with what methods do we sample? Currently,
there have only been a few studies that have
considered surveillance within OSSFs systems, and
so guidance on this question is limited. Examples
of studies published include the assessment of
communities in Bangladesh (Amin et al. 2020;
2023), Japan (Iwamoto et al. 2022), Saudi Arabia
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(Hong et al. 2021), and China (Zhang et al. 2020;
Dongetal. 2022). However, five of those six studies
were assessing wastewater from hospitals (Zhang
et al. 2020; Hong et al. 2021; Dong et al. 2022;
Iwamoto et al. 2022; Amin et al. 2023), with three
of those five facilities being temporary quarantine
facilities for COVID-19 patients (Zhang et al. 2020;
Hong et al. 2021; Iwamoto et al. 2022). A recently
published study on wastewater surveillance in
OSSF facilities evaluating wastewater from public
beach restrooms in Malibu, CA (Li et al. 2023) was
the only study found highlighting a United States
study location. Please note that this study was
not evaluating OSSFs in U.S. rural communities.
However, this work does enable us to see that
common public spaces (i.e., schools, community
centers, churches) in communities employing
OSSFs might provide a better way to sample
wastewater within a community using septic
systems, while at the same time resolve some of
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the logistical and ethical concerns of sampling at
individual homes.

In closing, the lack of studies within U.S. rural
communities at OSSFs presents an opportunity
for future researchers to address the unknowns
currently missing in literature. While there are
other prevailing questions that must be addressed,
the questions addressed in this study highlight and
provide initial discussion topics on what should be
considered.

Conclusions

It is a challenge to define what constitutes rural
wastewater infrastructure in the United States
and this has major implications when considering
the feasibility (in terms of funding and available
resources) of a public health strategy such as
WBE. WBE has been shown to have utility for
the detection of a wide variety of agents of public
health concern, but an understanding of the
challenges faced by rural communities is essential
when attempting to design a feasible strategy for
implementation.
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Supporting Information

Rural Definition

The question, “What is rural?” for the purposes of
demography is not a simple one. There are several
ways to reach the definition, and they may all yield
different results. Briefly, the most common ways are
(1) communities with less than a threshold maximum
population, (2) residing in a county which has a
population density less than a maximum threshold,
(3) residing in any place which is outside of a U.S.
Census Metropolitan Statistical Area (MSA), (4)
examining levels of isolation or distance from more
heavily populated areas, or (5) the presence or absence
of significant agricultural activities. As stressed by
one USDA-ERS article, there is not a consistent
definition of rural, and this may be appropriate.
It is not that “rural” is meant to be a subjective
concept. Rather, it is that there is generally a greater
purpose (certainly from a planning or governmental
perspective) in calling an area rural, urban, or peri-
urban. The definition of rural should fit this purpose
(Sanders and Cromartie 2024).

A short examination of other studies having
many varied purposes illustrates the point of having
a workable definition for rural, as opposed to a
universal definition. We outline five studies that have
strong emphasis on how to define rurality over the last
25 years in Table 1. A few common themes emerge.
First, there is the need to relate rurality to the lived
experiences of those who are being studied. Despite
many demographic metrics that could be used, it is
important to examine the finding from these metrics
according to both the lived experience of residents
and inquiring how they themselves define rurality
(Berry et al. 2000; Krutsinger et al. 2024). Second,
geospatial metrics of rurality would do well to
consider at least two major types of data. The two
most common are population density and distances to
services, but most researchers acknowledge that more
metrics could be added to these to improve the rural
definition (Nelson and Nguyen 2023; Krutsinger et
al. 2024). Third, it may sometimes be inaccurate to
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speak of rural and urban as a dualism or dichotomy.
In these studies, there are instances where those in
areas that were significantly labeled as urban core
self-identified as rural. In other cases, the definition
of rural versus urban is fuzzy (Bennett et al. 2019;
Johnson and Scala 2022). It may not be as simple
as either rural or urban since there is a continuum
between some extremes. Leaning into the work of
Bennett et al. (2019), we are being careful to define
precisely what our definition of rural is, depending on
the analysis we conduct and with some justification
why that analysis is appropriate in each case of'its use
(Johnson and Scala 2022).

There are two definitions of rural that we use in
our study.

Method 1 - Community Population Size

Given that it is our aim to examine the landscape
of rural wastewater-based epidemiology potential,
it seemed appropriate to think of rurality in terms
of places that were smaller in size and fully
incorporated with centralized water utilities. This
is predominantly a size threshold approach. While

there are certainly places outside of incorporated
cities that are rural, these places are not very
likely to have centralized sewerage. We selected a
minimum population threshold of < 5,000 residents
for this definition, based primarily on practical
concerns. While there are communities larger than
this which might be considered rural by some
definitions, these locations are frequently more
suburban and have a greater tax base and workforce
to use WBE. This is the definition that we used to
determine inclusion for rural communities on all
statewide GIS analyses.

Method 2 — County Population and Presence of
Metropolitan Area

Another method for rurality is to look at the
population density of a county. A definition given
by USDA-ERS is that a county should have rural
towns < 5,000 people with urban areas with
populations as high as 50,000 people, and not
otherwise holding any metropolitan areas (Sanders
and Cromartie 2024). This definition is admittedly
fuzzier since it has room for towns which are

Table 1. Studies involving critical examination on the definition and conceptualization of rurality.

Study Purpose

Method(s) for Identifying Rurality

Berry et al. 2000 | Classifications of counties

in the Western U.S.

Attempted to find U.S. Census metrics to describe rural according to interviews
with county commissioners. Found three criteria that most fit with qualitative
data-(1) population density, (2) population, and (3) agricultural land base.

Bennett et al.
2019

Johnson and
Scala 2022

Nelson and
Nguyen 2023

Krutsinger et al.
2024

Rural health and creating
more certainty in the
definition of rural in
general

Evaluation of U.S.
political landscape by
culture and geography

Concerns about

the inequities and
disadvantages of those
who are rural

Rural health and access to
healthcare

Definitions of rurality are highly variable, and many reasonable definitions are
possible. Thus, researchers should “include the specific definition and clearly
define how rurality is operationalized in their work.” Also, they encourage
reporting rurality down to the smallest possible unit and to note any limitations
in whatever definition is chosen in a given study.

Examining political ideology, they find that rural and urban are two poles of
extremes. Much of the U.S. is in a continuum between the dense urban core
and the isolated community. They emphasize finding degrees of rural along the
continuum.

Created a single metric, Community Assets and

Relative Rurality (CARR), which evaluates rurality according to traditional
population measures (remoteness, population density) and ease of access to
services and amenities (geographic metrics of access and availability).

Examined the viability of the Rural-Urban Commuting Area (RUCA)
according to alignment with self-identification of people saying they reside

in a rural or urban area. The lack of alignment between RUCA and self-
perceptions points to a need to use more “patient-centered” definitions of rural
in healthcare.
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called “rural” and areas that are urban but non-
metro. It is based on this definition that we selected
case study communities for detailed examination
into wastewater treatment process units and
conveyances. More detail on more specific rural
criteria for these communities is found in the
presentation of the results.
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