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Abstract

Wastewater-based epidemiology is a promising public health tool that can yield a more rep-

resentative view of the population than case reporting. However, only about 80% of the U.S.

population is connected to public sewers, and the characteristics of populations missed by

wastewater-based epidemiology are unclear. To address this gap, we used publicly avail-

able datasets to assess sewer connectivity in the U.S. by location, demographic groups,

and economic groups. Data from the U.S. Census’ American Housing Survey revealed that

sewer connectivity was lower than average when the head of household was American

Indian and Alaskan Native, White, non-Hispanic, older, and for larger households and those

with higher income, but smaller geographic scales revealed local variations from this

national connectivity pattern. For example, data from the U.S. Environmental Protection

Agency showed that sewer connectivity was positively correlated with income in Minnesota,

Florida, and California. Data from the U.S. Census’ American Community Survey and Envi-

ronmental Protection Agency also revealed geographic areas with low sewer connectivity,

such as Alaska, the Navajo Nation, Minnesota, Michigan, and Florida. However, with the

exception of the U.S. Census data, there were inconsistencies across datasets. Using math-

ematical modeling to assess the impact of wastewater sampling inequities on inferences

about epidemic trajectory at a local scale, we found that in some situations, even weak con-

nections between communities may allow wastewater monitoring in one community to

serve as a reliable proxy for an interacting community with no wastewater monitoring, when

cases are widespread. A systematic, rigorous assessment of sewer connectivity will be

important for ensuring an equitable and informed implementation of wastewater-based epi-

demiology as a public health monitoring system.

Introduction

Wastewater-based epidemiology (WBE) plays an important role in surveillance of SARS-CoV-

2 [1, 2], polio virus [3, 4] and other pathogens [5, 6] and has applications to monitoring a
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variety of other public health concerns [7], including opioid usage [8]. One proposed benefit

of wastewater-based epidemiology is that wastewater data is more representative of the popula-

tion than case reporting, which can be biased towards those with health-seeking behavior or

access to healthcare [9]. For example, the populations served by the Health and Human Ser-

vices SARS-CoV-2 National Wastewater Surveillance System were more representative of the

entire US’s age distribution and Black and Hispanic populations than the vaccinated popula-

tion [10].

While WBE offers convenient sampling of populations served by public sewers, about 20%

of individuals in the US live in homes not connected to public sewers [11, 12]. This includes

those on decentralized wastewater systems and those with no wastewater treatment systems.

The most common decentralized wastewater system is septic tanks [13], which collect and

treat wastewater onsite, typically the yard of the home. Households without wastewater treat-

ment systems may have outhouses or privies, chemical toilets, or no plumbing. Variability in

sewer connectivity exists across the U.S. [14, 15], with more connectivity in urban areas than

rural areas [11, 16–18] and disparities driven by structural inequalities [19].

As with any emerging public health tools, it is important to ask to what extent the tool exac-

erbates or alleviates inequities. A few studies have evaluated equity of sewer connectivity on

broad geographic scales or at the sewershed level. A 2017 study from Environmental Protec-

tion Agency Office of Water showed that households in the U.S. that earned less than the

national median household income (MHI, $61,000) were almost 10% more likely to have a

decentralized wastewater system or no wastewater treatment system compared to households

that earned more than the MHI [20]. Additionally, this study found that as household income

decreased, decentralized wastewater system usage increased in Florida, Hawaii, and Delaware,

but not in Rhode Island. Based on the 2019 U.S. Census Bureau’s American Housing Survey,

rural areas are less connected to sewers, and while the income in rural areas was lower than

that in metropolitan areas, households connected to septic tanks were wealthier than those

connected to sewers within both rural and metropolitan areas [11]. In sewersheds in North

Carolina with comprehensive sewershed maps, the sewered population had higher social vul-

nerability, more minorities, lower income, and lower educational attainment than the unsew-

ered population [21].

However, we have an incomplete understanding of the factors associated with sewer con-

nectivity across the US and the implications for the interpretation of wastewater data. In this

study, we sought to address the following questions, focusing our analyses on the U.S.: (1) To

what extent is there demographic and economic inequity in sewer connectivity? (2) Which

geographic areas have low sewer connectivity? (3) What is the applicability of WBE data to

neighboring unsampled communities? To address the first question, we analyzed household-

level data of sewer connectivity stratified by geographic, demographic, and economic variables.

For the second question, we evaluated datasets aggregated at the county or county subdivision

levels to qualitatively identify geographic areas that have low sewer connectivity. To address

the third question, we used a mathematical model to simulate WBE in two interacting

populations.

Methods

Dataset compilation

We assembled publicly available datasets on sewer connectivity, septic connectivity, or no

plumbing at the household level across the U.S. from federal and state agencies informed by

(1) discussions with experts from federal and state agencies and (2) web searches using terms

including “Number of people connected with treatment plants in United States”, “Number of
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households on septic”, and “U.S. census sewer”. The types of data included household-level

data, locations of sewer systems and population served, and population served by or lacking

wastewater systems aggregated by county or county subdivision. All datasets are summarized

in Table 1 and described in more detail in the Supplementary Information.

Calculation of weights, error bars, and summary statistics in American

Housing Survey (AHS) data

All summary statistics were calculated by applying the weights reported in the AHS Public Use

File [26]. Because not every household was sampled and there was uneven sampling of house-

holds across the U.S., the weight estimates the number of similar households that each sur-

veyed household represented. Error bars on summary statistics represent the middle 95% of

values calculated using the reported replicate weights (160 replicate weights per household).

Each summary statistic was calculated for each replicate separately before taking the middle

95% of values. Only categories with at least 5 households were used.

Analysis of sewer connectivity by urban or rural areas in AHS data

We used the most recent AHS National Sample with publicly available data on the urban or

rural location of the household (2013) which categorized households into being in a central

city of a Metropolitan Statistical Area (MSA), in an urban area of an MSA but not in a central

city, in a rural area of an MSA but not in a central city, in an urban area outside of an MSA, or

in a rural area outside of an MSA [34]. Central cities are defined as having either (1)�250,000

population or at least 100,000 people working within corporate limits, (2)�25,000 population,

at least 75 jobs for each 100 residents who were employed, and 60% or fewer of the city’s resi-

dent workers commuted to jobs outside, or (3) 15,000–25,000 population, at least one third the

size of the metropolitan statistical area’s largest city, and met the two commuting requirements

in (2). Metropolitan Statistical Areas were defined as whole counties that have significant levels

of community and contiguous urban areas in common and may include rural areas. Urban

areas were defined as having�2500 people, with at least 1500 residing outside of institutional

group quarters. Rural areas were defined as those not in urban areas.

Analyses of geographic areas with low connectivity to sewer

Data of individual locations of septic tanks or sewer collection systems, when they existed,

were aggregated based on latitude and longitude into county or county subdivision boundaries

as defined by the U.S. Census’ TIGER shapefiles of the corresponding year [35]. To calculate

the fraction of a geographic area connected to septic or sewer, the total population size or total

number of households in that geographic area was taken from the corresponding year in the

American Community Survey (ACS) 5-year estimate [27]. For county subdivision and census

designated place analyses, only areas with at least 5 households and 20 population size were

used for the analyses. This thresholding removed at most 1% of the total population and at

most 0.03% of the total number of households, making it unlikely to bias our results. Detailed

data analyses of the state and island area datasets are described in the Supplementary

information.

Counties and county subdivisions were classified into Metropolitan statistical areas (at least

one urbanized area of 50,000 or more population), Micropolitan statistical areas (at least one

urban cluster of 10,000–50,000 population), or Rural areas (all other areas) using the U.S. Cen-

sus classification of the encompassing Core Based Statistical Area (core area containing a sub-

stantial population nucleus together with adjacent territory that has a high degree of social and

economic integration with the core as measured by commuting ties) [36].
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Table 1. Datasets used in this study.

Dataset Location Year(s) Description Sampling method Dataset completeness and potential

biases

Ref.

American

Housing Survey

US

excluding

Island areas

2013,

2019,

2021

This was a longitudinal survey of

housing, demographic, and

economic characteristics of

approximately 60,000–80,000

representative households.

The sampling method was a

representative sample of all U.S.

households at the time of sample

selection (most recently in 2015

and before that, in 1985). New

housing units were added each

survey cycle.

The survey excludes group quarters,

businesses, hotels, and motels.

Additionally, the survey was more

likely to classify rural seasonal homes

as vacant units, counted large cluster

septic systems as public sewer, and was

thought to lose new households built in

rural areas due to its longitudinal

design.

[12,

22–

26]

American

Community

Survey 5-year

estimates

US

excluding

Island areas

2021 This was a monthly survey of

characteristics of populations and

households of a representative

subsample of addresses in the US.

The survey reports the number of

households lacking complete

plumbing facilities by geographic

subdivision.

The survey was sent to a random

sample of addresses in the U.S.

every month. Each address was

selected no more than once every 5

years.

The surveys were completed by self-

response (although a subset of non-

responses were followed up with

personal visits). Responses were

reviewed for completeness and

questionnaires needing clarification

were followed up by phone calls. The

data was averaged over 5 years to

reduce statistical fluctuations.

[27]

Florida

Department of

Health septic tank

inspections

Florida Up to

2012

This dataset includes the onsite

sewage treatment and disposal

systems locations inspected by the

Florida Department of Health

reported in June 2012.

The sample included onsite sewage

treatment and disposal system

permits recorded in the Florida

Department of Health system.

As of 2022, a permit was required for

construction and inspection was

recommended every 3–5 years after.

From this dataset, an estimated 7% of

households were connected to septic

tanks across the state. This was

substantially less than the Florida

Department of Environmental

Protection’s estimate that

approximately one third of Florida’s

population used septic tanks [28].

[29]

EPA Clean

Watersheds Needs

Survey

US 2012 This survey included voluntary

submissions of the locations of

publicly owned wastewater

collection and treatment facilities

and their estimated population

served for the purposes to assess

funding needs for treatment works

projects.

The responses were coordinated by

states.

This survey had voluntary responses

and variable effort and resources that

each state put into the survey. States

that had the most comprehensive

responses were New York, California,

Florida, New Jersey, Maryland, Iowa,

Minnesota and Michigan. Missing

facilities included those in South

Carolina, the Northern Mariana

Islands, and American Samoa; facilities

whose projects did not have

documented solutions or cost

estimates; privately owned wastewater

facilities; facilities on tribal lands and

Alaskan Native Villages; and facilities

whose projects received funding from

other sources. Small community

facilities are thought to be

underrepresented due to having less

resources for completing the survey,

but this was not quantified.

[30,

31]

US Census Island

Areas Decennial

Survey

US Island

Areas

2020 This was a survey of housing, social,

and economic information of all

housing units.

The survey was conducted in

person and via phone interviews.

The COVID-19 pandemic impacted

collection of data on group quarters

[32] and the survey had higher

nonresponse rates than previous years’

surveys, particularly for Guam. Quality

control checks were performed on

responses.

[33]

The datasets are further described in the S1 Appendix and the dataset completeness and potential biases are further assessed in the S2 Appendix. Additional datasets that

are briefly described in the main text but primarily analyzed in the Supplementary information are summarized in S1 Table.

https://doi.org/10.1371/journal.pgph.0003039.t001
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Demographic and economic variable correlations with sewer or septic

connectivity

To assess correlations of demographic and economic variables with sewer and septic connec-

tivity when aggregating at the county, county subdivision, or census designated place levels,

we used the ACS 5-year estimates from the corresponding year and geographic scale. Only

geographic subdivisions with at least 5 households and 20 population size were used. The Pear-

son correlation coefficient between demographic or economic variables of interest and the per-

centage of households in a geographic subdivision connected to septic tanks or sewer was

calculated using the stats.pearsonr function in the scipy package (version 1.10.1) in Python

(version 3.11.0). A Bonferroni correction was applied to correct for multiple hypothesis testing

to calculate the q values.

Simulations of interacting populations and wastewater sampling

Two interacting populations (A and B) were modeled in a deterministic compartmental model

with susceptible, infected, and recovered (SIR) compartments for each population and a frac-

tion, ε, of cross-population contacts. The base parameters were set at population size NA = NB

= 5000, recovery rate γI = 0.18 inverse days (corresponding to an infectious period of 5.6 days),

basic reproduction number RA
0
¼ RB

0
¼

bA
gI
¼

bB
gI
¼ 1:5 and were varied in sensitivity analyses.

The differential equations were solved using the integrate.odeint function in the scipy package

(version 1.6.2) in Python (version 3.11.0) using a timestep of 0.1 days.

Wastewater sampling was modeled by the number of copies of pathogen genetic material

shed per day by each population that was sampled by wastewater divided by the volume of

sampled wastewater produced per day by each population. Both numerator and denominator

depended on the fraction of waste produced (including shed pathogen genetic material) by

each population that is sampled by wastewater, fA and fB. A detailed description of the simula-

tions is provided in S1 Appendix.

Code availability

All code and data to reproduce the analyses and simulations are available at https://github.

com/gradlab/wastewater_equity.

Results

Is there inequity in who could be sampled by wastewater-based

epidemiology?

To address this question, we used the American Housing Survey (AHS), a biannual longitudi-

nal survey of representative housing units within the U.S that reports household-level data of

sewer connectivity, demographic factors, and economic factors (Table 1). We focused our

analyses on geographic scales with a reliable sample size for statistical analyses (census divi-

sion, urban/rural at the national level, metropolitan statistical areas) [37].

According to the 2021 AHS, 83% of US households were connected to public sewers and

16% to standard septic tanks (S1 Fig). Each of the other forms of sewage disposal (non-stan-

dard septic tanks, chemical toilets, outhouses or privies, other, none, or not reported) was

more than an order of magnitude less common (S1 Fig). Across census divisions in 2021, the

western US was overall better connected to sewers than the eastern US, with the highest levels

of sewer connection in the Pacific (91.3% of households, CI: 90.8%-91.7%) and Mountain

(87.6% of households, CI: 86.8%-88.4%) divisions and the lowest levels of sewer connection in
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the New England (72.9% of households, CI:72.1%-74.0%) and East South Central (74.9% of

households, CI: 73.7%-76.3%) divisions (Fig 1).

Across census divisions, households with an Asian, Black or African American, or Native

Hawaiian and Other Pacific Islander householder (the owner or renter of the unit) were on

average 14.0%, 13.1%, and 12.5% more connected to sewers, respectively, than the overall cen-

sus division; however, specifically in the Pacific census division, households with a Native

Hawaiian and Other Pacific Islander householder were 5.3% less connected to sewers than the

overall census division (Fig 2). Households with an American Indian and Alaska Native or

White householder were both on average 2.6% less connected to sewers than the overall census

division. Across census divisions, households with a Hispanic householder were on average

11.7% more connected to sewers whereas households with a non-Hispanic householder were

1.1% less connected to sewers than the overall census division.

Connection to sewers decreased with the age of the householder (Fig 2), with the exception

that households with a householder aged 75+ were better connected in most census divisions

than those with a householder aged 65–74 (79.7% vs 77.9% of households). Connection to

Fig 1. The percentage of households connected to sewers in each census division. Data are from the 2021 American Housing

Survey National Survey [12]. The number of sampled households for each census division are 3890 (New England), 7018 (Middle

Atlantic), 8703 (East North Central), 2862 (West North Central), 13643 (South Atlantic), 2903 (East South Central), 8051 (West

South Central), 4570 (Mountain), and 12501 (Pacific). The map base layer is taken from the U.S. Census 2021 Cartographic

Boundary File by U.S. Divisions (https://www2.census.gov/geo/tiger/GENZ2021/shp/cb_2021_us_division_500k.zip). The

cartographic boundary files are simplified representations of the U.S. Census TIGER shapefiles (terms of use: https://www2.

census.gov/geo/pdfs/maps-data/data/tiger/tgrshp2021/TGRSHP2021_TechDoc_Ch1.pdf).

https://doi.org/10.1371/journal.pgph.0003039.g001
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Fig 2. The percentage of households connected to sewers in each census division by demographic and economic characteristics. Data are from the

2021 American Housing Survey National Survey [12]. The number of sampled households for each category is shown in S2 Fig.

https://doi.org/10.1371/journal.pgph.0003039.g002
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sewers decreased with household income, as measured as a percentage of the federal poverty

threshold determined by the Census [38], with the exception of the Mountain region where

households with an income at 50–99% of the poverty level were less connected than those with

income at�200% of the poverty level (84.5% vs 88.2% of households). Additionally, house-

holds with 1 person were on average 4.2% more connected whereas households with 2 people

were on average 3.6% less connected to sewers than the overall census division. There were no

consistent trends across census divisions for households with more than 2 people.

We sought to describe how the differences in sewer connection between demographic and

economic groups observed at the census division level was affected by household location in

urban or rural areas (see Methods). The qualitative trends observed at the census division level

for race, ethnicity, age, household size, and income were largely preserved across national

urban and rural areas (Fig 3). One notable exception was that lower sewer connectivity for

households with an American Indian and Alaska Native or Hawaiian and Other Pacific

Islander householder compared to those with a Black or Asian householder was only observed

in locations inside of an Metropolitan Statistical Area (MSA) but outside of a central city (both

urban and rural). In central cities and locations outside of an MSA (both urban and rural),

households with an American Indian and Alaska Native or Hawaiian and Other Pacific

Islander householder had similar levels of sewer connectivity as households with a Black or

Asian householder.

Next, we assessed sewer connectivity in large metropolitan areas, which was the smallest

geographic scale resolved by the AHS due to sample size. In 35 of the largest metropolitan

areas in 2019 and 2021, household connectivity to sewers ranges from 69.2% (Birmingham-

Hoover, AL) to 99.4% (LA-Long Beach-Anaheim, CA) (S4 Fig). In each metropolitan area,

households with a White or American Indian and Alaska Native householder, with an older

householder, with higher income, with a larger household size, and with a non-Hispanic

householder were less connected to sewers than the average household, which was similar to

what was seen when stratifying by census division. Exceptions were lower connectivity for

households with a Hispanic householder in San Jose, CA (Hispanic householder: 96.1% of

households, CI: 95.1%-97.2%; non-Hispanic householder: 97.8% of households, CI: 97.5%-

98.2%) and lower connectivity for households with lower income in San Francisco, CA; Dallas,

TX; Chicago, IL; and Tampa, FL (S4 Fig).

In summary, at the census division level, broad trends of sewer connectivity by racial group

revealed higher connectivity for households with an Asian, Black or African American, Native

Hawaiian and Other Pacific Islander, or Hispanic householder and lower connectivity for

households with an American Indian and Alaska Native or White householder. Sewer connec-

tivity decreased with age, decreased with household income, and was highest in households

with one person. These trends were similar when stratifying by urban, rural, central city, and

MSA status, except that the broad racial disparities described above were only observed in

urban and rural areas that are inside of an MSA but outside of a central city. Broad trends were

also similar for individual large metropolitan areas, with some exceptions for households with

a Hispanic householder and trends by household income in particular MSAs.

Which geographic areas have low connectivity to sewers and what are their

demographics?

Next, we sought to assess which geographic areas in the U.S. have low connectivity to sewer

systems. These are areas where wastewater-based epidemiology may provide little direct infor-

mation on disease dynamics. Additionally, we assessed correlations of sewer connectivity at

the county or county subdivision level with demographic and economic factors. In the absence
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Fig 3. The percentage of households connected to sewers by urban and rural categorizations and by demographic and

economic characteristics. See Methods for definitions of Metropolitan Statistical Area (MSA), central city, urban, and

rural. Data from the 2013 American Housing Survey National Survey [39]. The number of sampled households for each

category is shown in S3 Fig. MSA: metropolitan statistical area.

https://doi.org/10.1371/journal.pgph.0003039.g003
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of comprehensive national data on sewer connectivity, we assembled publicly available state-

based datasets, which included California, Florida, Iowa, Maryland, Michigan, Minnesota,

New Jersey, and New York, as well as the U.S. Island Areas. The compilation of the datasets

and an assessment of data completeness are described in the S2 Appendix, Table 1, and S1

Table.

Using data from the 2021 American Community Survey on the percentage of occupied hous-

ing units lacking complete plumbing facilities by county, we defined the lower bound on the

percentage of the population not connected to sewers. In 14 counties,�10% of occupied hous-

ing units lacked complete plumbing facilities; of these counties, 12 were in Alaska and 2 were in

the Navajo Nation. In 5 counties,�20% of occupied housing units lacked complete plumbing

facilities, all in Alaska. The Yukon-Koyukuk Census Area in Alaska, had the highest percentage

of occupied housing units lacking complete plumbing facilities at 36% (S5 Fig, S2 Table).

The Florida Department of Health onsite sewage treatment and disposal systems inspection

data (Fig 4) revealed that the percentage of households not on septic tanks (expected to

Fig 4. Map of the percentage of households in each county subdivision of Florida not connected to septic tanks. Data are

from the Florida Department of Health septic tank inspection data from June 2012. County subdivisions with fewer than 5

households or 20 population size (<0.01% of total households and<0.01% of total population size in the state) are displayed in

white. The map base layer is taken from the U.S. Census 2012 TIGER/Line Shapefile by Florida County Subdivision (https://

www2.census.gov/geo/tiger/TIGER2012/COUSUB/tl_2012_12_cousub.zip; terms of use: https://www2.census.gov/geo/pdfs/

maps-data/data/tiger/tgrshp2012/TGRSHP2012_TechDoc_Ch1.pdf).

https://doi.org/10.1371/journal.pgph.0003039.g004
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correlate with the percentage of households connected to sewer) was higher in metropolitan

compared to micropolitan county subdivisions and higher in micropolitan compared to rural

county subdivisions, but the effect was not significant (p = 0.052 and p = 0.37, respectively)

(S6a and S6b Fig). The percentage of households not on septic tanks was significantly lower in

county subdivisions in the panhandle (74.0% vs 92.0%, p<10−9) and in county subdivisions

that did not border the coast (86.6% vs 95.7%, p<10−9) (S6 Fig). By combining this dataset

with the 2012 American Community Survey (ACS) describing demographic and economic

characteristics of county subdivisions, we found that county subdivisions with less septic usage

(suggesting more sewer connectivity) were significantly more Hispanic, more Asian, and had a

smaller household size (Table 2 and S7 Fig), consistent with the nation-wide results from the

AHS. These trends were driven by metropolitan county subdivisions (S8 Fig), and an addi-

tional trend in metropolitan county subdivisions not observed for all county subdivisions was

that county subdivisions with less septic usage had a significantly lower percentage of Ameri-

can Indian and Alaska Natives. There were too few micropolitan and rural county subdivisions

to observe significant trends (S9 and S10 Figs).

In the 8 states with robust data in the EPA Clean Watersheds Needs Survey, multiple neigh-

boring counties in Florida, Michigan, and Minnesota had less than 20% of residents receiving

sewage collection, whereas this was not the case in California, Florida, Iowa, Maryland, New

Jersey, and New York (S11 Fig). Across multiple states, sewer connectivity by county was posi-

tively correlated with percent Asian and percent Black or African American and negatively

correlated with percent White (Table 3, full table shown in S3 Table), consistent with the

nationwide trends from the AHS data. While counties more connected to sewers appeared to

have a significantly lower percent of American Indian and Alaskan Natives in California, this

is affected by missing data from Indian reservations. Age and percent without health insurance

were negatively correlated with sewer connectivity. Counties more connected to sewers had

significantly higher income in Minnesota, Florida, and California, in contrast to the national

Table 2. Correlation of the percentage of a Florida county subdivision not connected to septic tanks with different

demographic or economic variables.

Demographic or economic variable Correlation of variable with % of county subdivision

not on septic (Pearson correlation coefficient)

Significance (q-

value)

Percent one race and Asian 0.31 <0.001

Percent Hispanic 0.21 <0.01

Average household size -0.19 <0.01

Percent one race and American

Indian and Alaska native

-0.15 0.07

Median age 0.12 0.36

Percent one race and White -0.12 0.40

Percent one race and Black or African

American

0.09 1.11

Median income 0.07 2.27

Percent one race and some other race 0.07 2.33

Percent one race and Native Hawaiian

and other Pacific Islander

-0.04 5.76

Percent uninsured (health insurance) -0.02 8.24

Correlations significant to 5% are shown in bold. Data are from the Florida Department of Health septic tank

inspection permits reported in 2012.

https://doi.org/10.1371/journal.pgph.0003039.t002
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results from the AHS data. Significant trends of sewer connectivity with demographic and eco-

nomic factors were predominantly driven by metropolitan counties (S4 Table).

Analysis of the Island Areas of Guam, the Northern Mariana Islands, the Virgin Islands,

and American Samoa revealed lower levels of sewer connectivity than in the states, with con-

siderable spatial variability in connectivity (see S2 Appendix).

Factors influencing applicability of wastewater-based epidemiology to

communities lacking sewer connection

The inequities in sewer connections among communities raise the question of the applicability

of inferences drawn from wastewater data in one community to communities lacking sewer

connections. To explore this question, we used a deterministic compartmental model of two

interacting populations with tunable levels of interaction, each with susceptible-infected-

recovered (SIR) dynamics, and with wastewater sampling in each population into a common

sample (Fig 5a). We set population A to be entirely connected to sewers and population B to

have a tunable level of sampling by wastewater.

A common application of wastewater data is to aid in determining when an outbreak has

peaked, which can inform policy decisions on when to ease restrictions. We first asked how

well the wastewater data could predict the time of peak infections in population B when it is

completely unconnected to sewer systems and thus the only sampling is from population A.

We found that when the two populations have similar sizes, the wastewater concentration

Table 3. Correlation of the percentage of households in a county connected to public sewers with different demographic or economic factors by state.

Demographic or economic variable State Correlation of variable with % of households by county connected to public sewers

(Pearson correlation coefficient)

Significance (q-

value)

Median age MN -0.43 <0.01

MI -0.41 0.01

Median income MN 0.44 <0.01

FL 0.48 <0.01

CA 0.49 <0.01

Percent one race and American Indian and

Alaska Native

CA -0.50 <0.01

Percent one race and Asian MN 0.58 <0.001

MI 0.51 <0.001

NY 0.55 <0.001

CA 0.56 <0.001

FL 0.53 <0.001

Percent one race and Black or African

American

MN 0.62 <0.001

MI 0.59 <0.001

NY 0.55 <0.001

IA 0.38 <0.01

CA 0.46 0.02

Percent one race and White MI -0.57 <0.001

CA -0.54 <0.001

NY -0.51 <0.01

IA -0.35 0.03

Percent uninsured (health insurance) MI -0.38 0.03

Only correlations that are significant (q-value� 0.05) are shown. Data are from the 2012 EPA Clean Watersheds Needs Survey.

https://doi.org/10.1371/journal.pgph.0003039.t003
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peak and the infection peak in population B was within one generation time except when the

interactions between the two population is weak (Fig 5b). The generation time is the average

time between an individual’s infection and transmission, which in an SIR model is the same as

the infectious period. For example, in two populations with 5000 individuals each, a disease

basic reproduction number of 1.5, and infectious period of 5.6 days, the percentage of contacts

that occur across populations must drop below 4% before the peak in wastewater concentra-

tion occurred more than one generation time apart from the peak in infections in the uncon-

nected population (Fig 5c).

We then weakened the assumption that population B had no contribution to the sampled

wastewater and allowed a fraction of population B to be sampled by wastewater. For example,

individuals in population B may commute to a workplace sampled by wastewater, or a fraction

of population B may be connected at home. As the fraction of population B that is sampled by

wastewater increases, the time between infection and wastewater peaks decreases; however,

the fraction of B that is sampled has a much weaker effect on the wastewater peak time than

the interaction parameter between the communities. For example, with the above parameters

Fig 5. Deterministic compartmental model of two interacting populations with susceptible, infected, and recovered compartments and sampling by

wastewater. (a) Schematic of model. Population A is entirely sampled by wastewater and a fraction of population B, fB, is sampled by wastewater. (b) Number

of infected individuals (black curves) in population A, population B, and population A and B combined and wastewater concentration (blue curves) over time

for different interaction strengths or fractions of cross-population contacts (ε). The vertical lines indicate the peak time for the curves with matching line style

and color. The time between the population B peak in infections and the wastewater concentration peak is indicated by Δt. (c) The time between the population

B peak in infections and the wastewater concentration peak (defined in (b)) when varying the fraction of cross-population contacts (ε) and the fraction of

population B that is sampled (fB). Light blue dots indicate parameter regimes in which Δt is less than 1 generation time. In both (b) and (c), the simulation starts

with a single infected individual in population A at time 0 and no infected individuals in population B. The parameters are set to population size NA = NB =

5000, basic reproduction number RA
0
¼ RB

0
¼ R0 ¼

bA
gI
¼

bB
gI
¼ 1:5, rate of recovery ƔI = 0.18, and the overall contact rate times the probability of infection

given contact βA = βA = ƔIR0.

https://doi.org/10.1371/journal.pgph.0003039.g005
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and equal population sizes, with 10% sampling of population B, the cross-population contacts

must drop below 4%, and with 50% below 3% and with 100% below 2% before the wastewater

concentration peak and the peak in the number of infections in population B drops below one

generation time.

Varying the population size of both populations (with an equal population size in the two

populations), the recovery rate or generation time, and the R0 of both populations (with an

equal R0 in the two populations) has only a weak effect on the discrepancy between wastewater

concentration and population B infection peaks (S12 Fig).

When the unconnected population has a smaller size than the connected population, then

even substantial interactions between the two populations can lead the wastewater concentra-

tion to peak before the infections in the unconnected population peaks (S12 Fig). Both very

weak and very strong interactions cause the wastewater peak to coincide with the peak number

of infections in the unconnected population.

Additionally, when the unconnected population has a smaller R0 than the connected popu-

lation (which could occur for instance if the unconnected population was more spread out

geographically and thus had a lower contact rate), the outbreak in population B peaks later

than the wastewater peak leading to a discrepancy in the peak times (S12 Fig).

Discussion

Equity of sewer connectivity

Our analysis of available datasets revealed considerable variability in sewer connectivity within

and between communities, across locations, demographics, and economic statuses in the

United States. The western US had higher levels of sewer connectivity than the eastern US.

Across the US, lower connectivity to sewers was observed for American Indian and Alaska

Native householders; White householders; non-Hispanic householders; older populations; and

larger households in most census divisions. In the Pacific census division, lower connectivity

to sewers was observed for Native Hawaiian and Other Pacific Islander householders specifi-

cally in areas inside of a metropolitan statistical area but outside of a central city. Across census

divisions (with the exception of the Mountain census division), households with higher

income were less connected to sewers, consistent with nation-wide observations [11]. The

decrease in sewer connectivity by income could not be explained by collinearity between age

and income as age and income exhibited a weak negative correlation (S13 Fig). These results

are also consistent with the observation that in North Carolina, minorities and those with

social vulnerabilities are overrepresented in the sewered population [21]. Aggregating by large

metropolitan areas yielded similar trends as when aggregating by census divisions, except for

lower connection for Hispanic householders in San Jose area and for households with lower

income in San Francisco, Dallas, Chicago, and Tampa metropolitan areas, whereas these

groups were better connected to sewers at the census division level. The differences in the

MSA-level data suggested heterogeneity in connectivity across locations.

We have not attempted to determine why the observed differences in sewer connectivity

exist. Many of the variables that we analyzed are likely to be correlated with one another.

Geographic variation in sewer connectivity

Large parts of Alaska and the Navajo Nation lacked plumbing. This is consistent with the find-

ing from the Annual Report to Congress on Sanitation Deficiency Levels for Indian Homes

and Communities in 2019 that approximately 20% of Indian homes in Alaska do not have sew-

age disposal and about 10% of Indian homes in the Navajo Nation do not have sewage disposal

[40].
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State-level datasets revealed that sewer connectivity varied between and within communi-

ties. While in some states most areas had sewer connectivity (California, Iowa, Maryland, New

Jersey, New York), in others there were large regions that lacked connectivity (Minnesota,

Michigan, Florida). Asian and Hispanic populations were less connected to septic tanks across

county subdivisions in Florida; however, there was considerable variability across the state and

potential biases in the data. In contrast to the national data, in Minnesota, Florida, and Califor-

nia, counties with lower median household incomes were less connected to sewers, suggesting

variability across the nation. This result in Florida is consistent with the observation that as

income levels rose, household decentralized system usage declined in Florida [20]. However,

we did not observe any significant correlation of income with septic usage in the Florida

Department of Health onsite sewage treatment and disposal systems inspection permitting

dataset, possibly due to not all septic tanks having a permit that is reported in this dataset.

While these correlations may be largely driven by differences between urban and rural

areas within a county or county subdivision, they may still be very useful in assessing inequities

in sewer connectivity in large catchments that span neighboring counties or county

subdivisions.

Data limitations

Substantial data gaps and biases prevented a comprehensive analysis of disparities in sewer sys-

tem connectivity within and between communities across the US, particularly for small com-

munities, tribal lands and Alaska Native Villages, and state and local geographic scales. The

current design of the American Housing Survey has too small of sample size to study state and

local geographic scales [37]. Additionally, the AHS may have underestimated the fraction of

households using septic systems due to its survey design (Table 1). The differences between

Florida state data supports the need for detailed and reproducible longitudinal studies of sewer

connectivity (both in developing sampling and analysis methods). Additionally, multiple data-

sets were over a decade old, and changes to which households are served by sewer and septic

systems may have occurred since the datasets were collected.

Public health officials may find it beneficial to conduct local equity studies of sewer connec-

tivity. Data on the catchment area sizes of the wastewater treatment plants would allow a better

understanding of the geographic extent of the sampled population and the level of geographic

aggregation needed to study sewer connectivity inequities. A recent study mapping wastewater

treatment plant catchment areas and their population sizes served in New York state provides

a template for how to create these sewer catchment maps from a combination of permitting,

survey, and tax record data [16]. If possible, it would be helpful to consolidate and standardize

existing data where it exists (for instance, sewage disposal permitting at the local or state lev-

els). Additionally, if the EPA’s request to expand the question on the ACS about access to

plumbing facilities to additionally ask about the type of plumbing facility [20, 41] is granted,

then this would be a valuable dataset with the geographic and temporal resolution to study

equity in sewer connectivity moving forward.

Generalizability of wastewater-based epidemiology data in light of

heterogeneities in sewer connectivity

Our modeling results suggest that even weak interactions between two communities allow

wastewater monitoring in one community to serve as reliable proxy for the time of maximum

infections in the other community when the population sizes and R0 of the two populations

are comparable, but not when the unconnected population has a substantially lower popula-

tion size or R0. In the scenario with unequal population size, outbreaks that are seeded at the
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same time in the two populations in the absence of interactions peak earlier in the uncon-

nected population due to its smaller size. With weak interactions, seeding of infections from

population A to B occurs slower, leading to more coincidence in peaks; with strong interac-

tions, then the dynamics of B are dominated by those in A, leading to more coincidence in

peaks; at intermediate interaction strengths, infections are seeded earlier and peaks early, lead-

ing to the largest discrepancy in wastewater and infection peaks.

As the purpose of our model was to explore the impact of factors on the generalizability of

wastewater rather than to accurately capture the dynamics in all scenarios, we used a compart-

mental susceptible-infected-recovered model (SIR) and made simplifying assumptions,

including that all infected individuals shed the same amount of pathogen genetic material into

wastewater and shed only during the infected period; that all individuals contribute equally to

wastewater; and that pathogen detection in wastewater has perfect sensitivity. We also note

that compartmental models have been used to analyze wastewater data [42].

Our results suggest that in assessing the generalizability of wastewater data, it would be use-

ful to estimate the extent of mobility between connected and unconnected communities. Inter-

estingly, Ref [43] found no correlation between the size of a catchment area and the

correlation of wastewater with case data for SARS-CoV-2, consistent with the result that inter-

actions between connected and unconnected communities cause the disease dynamics to look

similar to the wastewater data. In regions without sewer connectivity or with little interaction

between connected and unconnected communities, wastewater data from neighboring com-

munities will be less informative. In areas with low sewer connectivity in households, sampling

wastewater outflow at frequently visited non-household locations (i.e., schools, offices, malls,

etc.) may capture a more representative population.

Additional considerations for equity in WBE

In addition to inequities in sewer connectivity, the sewer locations used for wastewater sam-

pling should be considered to promote demographic equity and ensuring the ability to capture

spatiotemporal trends [21, 44–46]. While we have focused on analysis on the US due to data

availability, internationally disadvantaged populations are associated with lower access to sew-

ers [47–49]. The ongoing development of wastewater sampling in non-sewered settings, for

example in water channels in Las Vegas Valley [50], onsite sanitation facilities in Bangladesh

[51], a refugee camp in Lebanon [52], and various non-sewered settings in low and middle

income countries [53–55], represents a critical area for research and development.

Conclusions

In summary, while wastewater-based epidemiology is a useful tool to monitor disease burden

and dynamics, our analyses suggest that access to this new tool varies across the US. More

comprehensive data on sewer connectivity is needed, and in combination with assessments of

mobility and population parameters, these data can help with the design of wastewater sam-

pling schemes and the interpretation for epidemic trends in sampled and neighboring

unsampled communities.
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tables.

(DOCX)

S1 Fig. Percentage of households connected to various wastewater processing systems. The

number of households sampled (n) for each category are also shown. Data are from 2021

American Housing Survey.

(PNG)

S2 Fig. The percentage of households connected to sewers in each census division by demo-

graphic and economic characteristics (same as Fig 2) including the number of sampled

households in each category.

(PNG)

S3 Fig. The percentage of households connected to sewers by urban and rural categoriza-

tions and by demographic and economic characteristics (Fig 3) including the number of

sampled households in each category.

(PNG)

S4 Fig. Top 35 metropolitan areas’ connectivity to public sewers by demographics. Data are

from the 2019 and 2021 U.S. Census American Housing Survey [12, 23]. The number of sam-

pled households for each category can be found in the Github repository in outputs/ahs_se-

wer_connectivity_by_cbsa.csv in the “num_observations” column.

(PNG)

S5 Fig. Percent of occupied housing units lacking complete plumbing facilities by county.

Data are from the 2021 U.S. Census American Community Survey. The map base layer is

taken from the U.S. Census 2021 TIGER/Line Shapefile by U.S. County (https://www2.census.

gov/geo/tiger/TIGER2021/COUNTY/tl_2021_us_county.zip; terms of use: https://www2.

census.gov/geo/pdfs/maps-data/data/tiger/tgrshp2021/TGRSHP2021_TechDoc_Ch1.pdf).

(PNG)

S6 Fig. Comparison of percentage of households not on septic across different geographies

in Florida. Data are from the Florida Department of Health septic tank inspection permits

reported in 2012. (a) Map of county subdivision colored by whether it is a Metropolitan Statis-

tical Area (blue), Micropolitan Statistical Area (orange), or Rural Area (neither metropolitan

not micropolitan, green). (b) Percentage of households not on septic in county subdivisions

stratified by whether the county subdivision is a Metropolitan Statistical Area, Micropolitan

Statistical Area, or Rural Area. County subdivisions that are Metropolitan Statistical Areas

have a higher percentage of households not on sewer than those that are Micropolitan Statisti-

cal Areas, but the effect is not significant (p = 0.052). County subdivisions that are Micropoli-

tan Statistical Areas have a higher percentage of households not on sewer than those that are

Rural Areas, but the effect is not significant (p = 0.37). (c) Map of county subdivisions colored

by whether they are always included in references to the Florida panhandle. Orange: county

subdivisions in the panhandle. Blue: county subdivisions not in the panhandle. (d) Percentage

of households not on septic in county subdivisions stratified by whether the county subdivi-

sion is in the panhandle. Each point represents a county subdivision. County subdivisions in

the panhandle have a significantly lower percentage of households not on septic (p< 10−9). (e)

Map of county subdivisions colored by whether they have a coastline. Orange: county subdivi-

sion with coastline. Blue: county subdivisions without coastline. (f) Percentage of households

not on septic in county subdivisions stratified by coastal and not coastal county subdivisions.

Each point represents a county subdivision. County subdivisions not on the coast have a sig-

nificantly higher fraction of households on septic (p<10−9). The map base layers in (a), (c),
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and (e) are taken from the U.S. Census 2012 TIGER/Line Shapefile by Florida County Subdivi-

sion (https://www2.census.gov/geo/tiger/TIGER2012/COUSUB/tl_2012_12_cousub.zip;

terms of use: https://www2.census.gov/geo/pdfs/maps-data/data/tiger/tgrshp2012/

TGRSHP2012_TechDoc_Ch1.pdf).

(PNG)

S7 Fig. Correlation of percentage of households in county subdivisions of Florida not con-

nected to septic tanks with demographic and economic factors. Data are from the Florida

Department of Health septic tank inspection permits reported in 2012. Each point represents a

county subdivision. Only county subdivisions with at least 5 households and 20 population

size were included.

(PNG)

S8 Fig. Correlation of percentage of households in county subdivisions of Florida in metro-

politan statistical areas not connected to septic tanks with demographic and economic fac-

tors. Data are from the Florida Department of Health septic tank inspection permits reported

in 2012. Each point represents a county subdivision. Only metropolitan county subdivisions

with at least 5 households and 20 population size were included.

(PNG)

S9 Fig. Correlation of percentage of households in county subdivisions of Florida in micro-

politan statistical areas not connected to septic tanks with demographic and economic fac-

tors. Each point represents a county subdivision. Data are from the Florida Department of

Health septic tank inspection permits reported in 2012. Only micropolitan county subdivisions

with at least 5 households and 20 population size were included.

(PNG)

S10 Fig. Correlation of percentage of households in county subdivisions of Florida in rural

areas not connected to septic tanks with demographic and economic factors. Data are from

the Florida Department of Health septic tank inspection permits reported in 2012. Each point

represents a county subdivision. Only rural county subdivisions with at least 5 households and

20 population size were included.

(PNG)

S11 Fig. Fraction of present resident population receiving collection by county in 8 states.

Data are from the 2012 EPA Clean Watersheds Needs Survey. (a) Fraction shown on a contin-

uous scale. (b) Fraction above and below 0.2. Only states that had more comprehensive

responses in the survey are shown. Counties that did not report any data in the survey are

shown in gray. Counties than report more than 100% of the present resident population

receiving collection are shown in (a) as 1 and in (b) as�0.2. The map base layer is taken from

the U.S. Census 2012 TIGER/Line Shapefile by U.S. County (https://www2.census.gov/geo/

tiger/TIGER2012/COUNTY/tl_2012_us_county.zip; terms of use: https://www2.census.gov/

geo/pdfs/maps-data/data/tiger/tgrshp2012/TGRSHP2012_TechDoc_Ch1.pdf).

(PNG)

S12 Fig. Sensitivity analysis of Fig 5c from main text. The effect on the time between popula-

tion B peak and wastewater peak of varying the (a) population size of the two populations (NA,

NB), (b) recovery rate (ƔI in units of inverse days), and (c) basic reproduction number of the

two populations (R0
A, R0

B) across a range of values. Unless where indicated, the parameters

were NA = NB = 5000, ƔI = 0.18 days-1, and R0
A, R0

B = 1.5.

(PNG)
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S13 Fig. Correlation between householder age and household income in the American

Housing Survey dataset by census division.

(PNG)

S14 Fig. Sewer connectivity in Minnesota. (a) Map showing whether a community in Minne-

sota (mapped to Census Designated Place) reported having a collection system in the 2021

Minnesota Wastewater Infrastructure Needs Survey. Almost all communities mapped to Cen-

sus Designated Places. The map base layer is taken from the U.S. Census 2021 TIGER/Line

Shapefile by Minnesota Census Designated Place (https://www2.census.gov/geo/tiger/

TIGER2021/PLACE/tl_2021_27_place.zip; terms of use: https://www2.census.gov/geo/pdfs/

maps-data/data/tiger/tgrshp2021/TGRSHP2021_TechDoc_Ch1.pdf). (b) Percentage of house-

holds without subsurface sewage treatment systems (i.e. without septic tanks, suggesting sew-

ered) by county reported in the 2017 Subsurface Sewage Treatment Systems in Minnesota

Annual Report [56]. Counties reporting more than 100% of households having subsurface

sewage treatment systems are set at 100% (shown as 0% without subsurface sewage treatment

systems in the map). The map base layer is taken from the U.S. Census 2017 TIGER/Line Sha-

pefile by U.S. County (https://www2.census.gov/geo/tiger/TIGER2017/COUNTY/tl_2017_us_

county.zip; terms of use: https://www2.census.gov/geo/pdfs/maps-data/data/tiger/tgrshp2017/

TGRSHP2017_TechDoc_Ch1.pdf).

(PNG)

S15 Fig. Comparison of the 2012 EPA Clean Watersheds Needs Survey (CWNS) and the

2019 and 2021 U.S. Census American Housing Survey (AHS) datasets in core based statistical

areas (CBSA). Data from the EPA CWNS are of the fraction of residents in the CBSA receiving

sewage collection. Data from the AHS are of the fraction of households in the CBSA on sewer.

Only CBSAs that were oversampled in the AHS data and were in states that had more compre-

hensive responses in the EPA CWNS were included (see Methods). The dashed black line

shows y = x as a reference.

(PNG)

S16 Fig. The percentage of the population that received wastewater collection by a munici-

pal utility in Utah by county subdivision of Utah. Data are from the 2021 Utah Municipal

Wastewater Planning Survey. All values less than 0 are displayed as 0. County subdivisions

with fewer than 5 households or 20 population size are displayed in white. Note that Indian

reservations were not surveyed in this dataset. The map base layer is taken from the U.S. Cen-

sus 2021 TIGER/Line Shapefile by Utah County Subdivision (https://www2.census.gov/geo/

tiger/TIGER2021/COUSUB/tl_2021_49_cousub.zip; terms of use: https://www2.census.gov/

geo/pdfs/maps-data/data/tiger/tgrshp2021/TGRSHP2021_TechDoc_Ch1.pdf).

(PNG)

S17 Fig. Correlation of fraction households in county subdivisions of Utah with wastewa-

ter collection with demographic and economic factors. Data are from the 2021 Utah Munici-

pal Wastewater Planning Survey. Note that Indian reservations were not surveyed in this

dataset. Values of the fraction of the county subdivision receiving collection greater than 1

were set to 1.

(PNG)

S18 Fig. Fraction of households by Census Designated Place that are connected to sewers,

septic tanks, or other forms of sewage disposal in the U.S. Island Areas. (a) American

Samoa, (b) Guam, (c) the Northern Mariana Islands, and (d) the Virgin Islands. Data are from
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the 2020 U.S. Census Island Areas Decennial Survey.

(PNG)

S19 Fig. Map of fraction of households connected to sewers by Census Designated Place.

(a) American Samoa, (b) Guam, (c) the Northern Mariana Islands, and (d) the Virgin Islands.

Data are from the 2020 U.S. Census Island Areas Decennial Survey. The map base layers are

taken from the U.S. Census 2020 TIGER/Line Shapefile by American Samoa Census Desig-

nated Place (https://www2.census.gov/geo/tiger/TIGER2020/PLACE/tl_2020_60_place.zip),

Guam Census Designated Place (https://www2.census.gov/geo/tiger/TIGER2020/PLACE/tl_

2020_66_place.zip), Northern Mariana Islands Census Designated Place (https://www2.

census.gov/geo/tiger/TIGER2020/PLACE/tl_2020_69_place.zip), and Virgin Islands Census

Designated Place (https://www2.census.gov/geo/tiger/TIGER2020/PLACE/tl_2020_78_place.

zip). The terms of use for all maps can be found at: https://www2.census.gov/geo/pdfs/maps-

data/data/tiger/tgrshp2020/TGRSHP2020_TechDoc_Ch1.pdf.

(PNG)

S1 Table. Additional datasets discussed in the supplementary information but excluded

from the main text due to data incompleteness and potential biases.

(DOCX)

S2 Table. Counties in the US with > = 5% of occupied housing units lacking complete

plumbing facilities. Data are from the 2021 U.S. Census American Community Survey.

(DOCX)

S3 Table. Correlation of the percentage of households in a county connected to public sew-

ers with different demographic or economic factors by state; same as Table 3, but includ-

ing all state-variable pairs. q-values above 1 are set to 1.

(DOCX)

S4 Table. Correlation of the fraction of households by county connected to public sewers

and different demographic or economic factors, stratified by state and Metropolitan,

Micropolitan, and Rural Statistical Areas. Only correlations that are significant (q-value< =

0.05) are shown.

(DOCX)

S5 Table. Manual changes community names reported in the Minnesota Wastewater Infra-

structure Needs Survey to be able to match with a U.S. Census Designated Place.

(DOCX)
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