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Abstract

Wastewater monitoring analyzes samples of untreated wastewater for pathogens to
track community-level disease trends. A sewershed polygon helps define the sample
population by depicting the community area that contributes sewage to the wastewa-
ter sample. This study utilized sewershed geospatial data submitted to the Centers
for Disease Control and Prevention’s National Wastewater Surveillance System
(CDC NWSS) to determine the wastewater-monitored population characteristics

and assess how well the wastewater-monitored population represents the broader
population. In a geographic information system, we intersected sewershed, state,
and county polygons with US Census data and social vulnerability data to calculate
the proportion of the population with certain demographic and social vulnerability
characteristics in each geographic unit. In 32 states, we compared the aggregated
sewershed population within the state to the statewide population for wastewater
monitoring sites sampling during the Fall of 2024. In four states, Colorado, New York,
North Carolina, and Wisconsin, we further assessed wastewater representativeness;
we compared the distributions of sewershed populations with county populations

and examined how representativeness has changed across eight time points during
2021-2024. In Fall of 2024, CDC NWSS included sites in all 50 states covering 41%
of the US population. In 5 of 32 states analyzed the wastewater-monitored population
represented the statewide population across all variables except median household
income. In 27 states, we observed that wastewater-monitored populations may over-
or underrepresent certain populations based on factors like race and ethnicity, educa-
tion, or social vulnerability. We found that over time, differences between sewershed
and statewide population characteristics were only slightly affected by changes in the
number of sampling sites and population. State and local health departments, as well
as CDC NWSS, can utilize information about the wastewater sample population and
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how it compares to the state population to strengthen the use of wastewater monitor-
ing data for public health action.

Introduction

Approximately 84% of the United States’ population is connected to a public sewer
system [1]. However, sewer connectivity is not equally distributed in the US; west-
ern regions and urban areas tend to have higher rates of sewer connectivity [2].
Wastewater monitoring, a crucial public health tool, utilizes existing wastewater
infrastructure to collect a sample of untreated wastewater which is analyzed for
human pathogens. Initially in response to the COVID-19 pandemic, wastewater
monitoring programs were launched nationwide to track disease trends in the pop-
ulation within a sewershed, or the community area upstream of a wastewater sam-
pling site [3]. These data provide a community-level estimate of disease that is not
impacted by an individual’'s access to healthcare or symptom severity. Throughout
the pandemic, wastewater data served as an early indicator of increasing trends
and became increasingly relied upon as at-home testing became commonplace
and case-based surveillance became less reliable [4,5]. Wastewater monitoring

in the US has since expanded to include influenza viruses, including influenza

A subtypes during an outbreak of avian influenza A (H5), respiratory syncytial
virus (RSV), and other outbreak pathogens such as monkeypox virus, and mea-
sles virus [6,7]. Public health officials analyze wastewater data alongside clinical
surveillance data to gain a more comprehensive understanding of the diseases
present in the community.

Wastewater represents a composite sample of the community upstream of a
collection site. Although metadata submitted to the Centers for Disease Control
and Prevention’s National Wastewater Surveillance System (CDC NWSS) does
not include detailed demographic information, the accompanying geographic
metadata can be used to infer characteristics of the wastewater-monitored popu-
lation. CDC NWSS collects different types of sample site location data including
the county(ies) served and a sewershed polygon representing the geographic
area that contributes wastewater to that sampling site. In 2022, when sewershed
data submitted to NWSS were still largely incomplete, NWSS populations sam-
pled were described in terms of the overall social vulnerability and urbanicity of
the county(ies) served by the sampling sites [3]. They observed that counties with
NWSS testing were more urban and had slightly lower overall social vulnerability
as compared to all US counties. A detailed evaluation of North Carolina’s sewer-
shed populations found that individual sewershed populations sometimes differed
from county populations but that characteristics of wastewater-monitored sewer-
shed populations aggregated to the state level were similar to statewide popula-
tion characteristics [8].

According to the National Academies of Science Engineering and Medicine, an
important characteristic of a national wastewater surveillance system is equitable
distribution among population demographics [9,10]. A better understanding of the

PLOS Global Public Health | https://doi.org/10.1371/journal.pgph.0006243  April 22, 2026

2/16



https://creativecommons.org/publicdomain/zero/1.0/

! Global Public
PLO}' Health

sewershed community within wastewater monitoring networks can help to meet this objective. Sewershed population
information also provides valuable context to wastewater data which will improve its interpretation and actionabil-

ity. However, a lack of a national sewershed dataset has prevented the completion of a comprehensive geospatial
analysis characterizing wastewater-monitored population representativeness. We leveraged sewershed geospatial
data submitted to NWSS to investigate the wastewater-monitored population through two research questions: 1) Do
sewershed populations monitored through CDC NWSS differ from the statewide populations with respect to certain
demographic and social vulnerability characteristics, and if so, how do they differ and 2) have the differences changed
as sampling sites were enrolled or dropped over time? This analysis highlights similarities and differences between
monitored sewershed populations and broader populations and increases our understanding of how wastewater data
can be used to support public health and public health action.

Methods
Data collection and pre-processing

Wastewater concentration data were submitted to CDC NWSS by state, tribal, local, and territorial (STLT) health
departments, a CDC-managed contract for commercial testing, intended to supplement the geographic coverage of
the STLT programs, and a private-academic partnership program. Sewershed geospatial data were submitted to CDC
NWSS by STLT programs for their sites as well as commercial testing sites in their state. Based on the wastewater
data received by NWSS from STLT and commercial testing sites as of November 2024, we generated a list of current
sites, or those that had submitted sampling results during the most recent 3 months (August 2024 — October 2024). To
investigate population changes over time, we created lists of sites at eight different time points (January and August of
the years 2021, 2022, 2023, and 2024) to reflect sites sampling during peak and off-peak respiratory virus season. For
each list of sampling sites, we joined the tabular data to georeferenced sewershed polygons, keeping the sewersheds
that matched with a sampling site on the list. State boundary geospatial data was downloaded from the 2020 US Cen-
sus [11]. A state was included in the analysis if greater than 80 percent of their Epidemiology and Lab Capacity (ELC)
funded wastewater treatment plant (WWTP) sampling sites or greater than 80 percent of their sampled population had
a corresponding sewershed polygon. This activity was reviewed by CDC and was conducted consistent with applica-
ble federal law and CDC policy.

Variables describing race, ethnicity, and group quarters (populations living or staying in a group living arrangement
often with specific services or care provided) were obtained from the 2020 United States Census Redistricting Data,
which were available at the census block level (S1 Table) [12]. We also analyzed variables from the 2018—2022 American
Community Survey (ACS) that captured information about age, health insurance status, educational level, wealth, English
proficiency, housing, unemployment, and disability status, all of which were available at the census tract level (S2 Table).
American Community Survey 2018-2022 data at the tract level were obtained from ESRI’s Living Atlas and compiled in
ArcGIS Pro [13]. Sewershed total population estimates were derived from the Environmental Protection Agency’s Envi-
roAtlas Dasymetric Allocation of Population, 2020 raster data which allocates population counts from Census data to
inhabitable areas at a 30-meter resolution, making it particularly suitable for irregularly shaped sewersheds that cross
multiple administrative boundaries [14]. Lastly, we used a shapefile of nationwide Census tracts with information on the
CDC/ATSDR Social Vulnerability Index 2022 (SVI) [15]. SVI analyzes variables from US census data to assess and rank
16 social factors such as poverty, crowded housing, race, and disability, to determine the social vulnerability of each
Census tract or county across the United States. In addition to the social vulnerability percentile ranks for overall social
vulnerability, the index also includes vulnerability related to four themes, including socioeconomic status (SES), household
characteristics, racial and ethnic minority status, and housing type and transportation (S1 Table). We analyzed overall SVI,
theme-level SVI, and individual Census and ACS variables to understand whether populations differed with respect to a
particular type of social vulnerability, or overall, and whether a given variable was driving vulnerability.
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Geospatial analysis

We calculated the total population, the proportion of the population in each Census variable, and the average social
vulnerability ranking for each polygon dataset of interest which included states, counties, the state’s aggregated sew-
ersheds, and individual sewersheds. To produce a multi-part polygon representing the state’s aggregated sewershed,
we merged the individual monitored sewershed polygons by state. This allowed us to analyze the statewide sewer-
shed population without double-counting populations when sewersheds shared a boundary. We calculated the sew-
ershed total population by overlaying sewersheds with the EnviroAtlas dasymetric population raster. To analyze the
2020 US Census and ACS demographic variables, we selected Census blocks or tracts that intersected each polygon
of interest and weighted the total population according to the area of the block or tract that was inside the sewershed
polygon. Then, the selected tracts or blocks were merged and summary statistics were calculated including the sum
of the population and the average median household income. Population counts were converted to percentages by
dividing by the total population using total population in blocks or tracts where appropriate. We also calculated the
population-weighted social vulnerability ranking of populations based on SVI 2022 tract level data for overall SVI and
SVI related to the four themes. All geospatial analyses were conducted using Python (pandas, geopandas, rasterio,
rasterstats, and scipy packages) [16—20].

To compare the aggregated sewershed population and the statewide population, we calculated the percentage point
(%) difference for categorical variables and the percent difference for continuous variables. We assessed the sensitivity
of various difference thresholds (plus or minus 1%, 3%, 5%, 7%, and 10%) to identify the threshold that could capture
potentially meaningful differences. We chose +/-5% because across most variables, it balanced the need to capture subtle
yet real distinctions while minimizing noise from minor variations and aligned with previous similar analyses [8]. In addi-
tion to the absolute difference, we calculated the ratio of the sewershed population proportion to the statewide population
proportion to highlight differences for variables with small populations such as the proportion living in group quarters or
unemployed. We did not test for statistically significant differences due to the non-normal distribution and nested structure
of the data (the monitored sewershed population were a subset of the state population).

In a sub-analysis of the first research question, we assessed representativeness at a finer geographic scale to explore
whether the characteristics of highly populated sewersheds were masking the characteristics of less populated sew-
ersheds when sewersheds aggregated to the state level were compared to the state. We analyzed demographic and
social vulnerability of populations in individual sewersheds and counties in a subset of states, Colorado, New York, North
Carolina, and Wisconsin, which had complete sewershed polygon data and represented different regions of the US. As
described above, we converted population counts to population proportions for each monitored sewershed (sampling
August - October 2024) and each county in the state. Then, a two-sample Kolmogorov-Smirnov test (KS-test) was per-
formed for each variable to compare the distribution of the values between sewersheds and counties within each state.
The KS-test, which is sensitive to differences in both the center and the shape of the distributions, produced a KS statistic,
indicative of the maximum difference between the distributions, and an associated p-value (p-value <0.05 were signifi-
cant). Kernel density estimate (KDE) plots were used to visually assess the direction of differences between the sewer-
shed population distribution relative to the county population distribution.

To learn whether representativeness has changed as sampling sites were added or removed over time, we compared
the aggregated sewershed population and the statewide population at eight time points (January and August, 2021—
2024). We did this for a subset of states, New York, Wisconsin, Colorado, and North Carolina, which were early adopters
of wastewater monitoring, had complete sewershed polygon data for sites sampling between 2021 and 2024, and rep-
resented different regions of the US. Using the geospatial data and methods already described, we analyzed the demo-
graphics and SVI of the state’s aggregated sewershed population at each time point. We then compared the sewershed
population to the state population by calculating the difference between the proportion of the sewershed population and
the state population for each variable.
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Results

Thirty-two states met the site or population coverage criteria and were included in the analyses (Table 1). The number of
monitored sewersheds per state was highest in New York and lowest in Vermont (188 and 2, respectively), with a median
of 21 monitored sewersheds per state. Utah included the highest percentage of the statewide population in monitored

Table 1. Wastewater-monitoring coverage in 32 states analyzed.

State name State population | Monitored sewershed % State population in # Monitored | # Monitored | # Monitored
(2020) @ population (2020) ® monitored sewershed counties sewersheds | sites
Arizona 71,51,502 30,02,238 41.98 15 14 15
California 3,95,38,223 1,64,10,707 41.51 58 49 54
Colorado 57,73,714 31,15,113 53.95 64 20 20
Delaware 9,89,948 6,28,020 63.44 3 6 12
Georgia 1,07,11,908 19,18,949 17.91 159 14 18
Hawaii 14,55,271 9,71,777 66.78 5 9 9
Indiana 67,85,528 21,82,469 32.16 92 26 26
Kansas 29,37,880 5,38,353 18.32 105 9 9
Kentucky 45,05,836 15,48,348 34.36 120 22 22
Maine 13,62,359 2,02,499 14.86 16 19 21
Maryland 61,77,224 4,50,056 7.29 23 9 9
Minnesota 57,06,494 31,47,757 55.16 87 27 35
Missouri 61,54,913 30,21,042 49.08 114 62 64
Nebraska 19,61,504 13,00,156 66.28 93 16 16
New Hampshire 13,77,529 2,66,735 19.36 10 14 14
New Jersey 92,88,994 46,05,440 49.58 21 21 22
New Mexico 21,17,522 9,29,094 43.88 33 9 11
New York 2,02,01,249 1,55,57,790 77.01 62 188 189
North Carolina 1,04,39,388 29,00,139 27.78 100 35 36
Ohio 1,17,99,448 56,26,205 47.68 88 75 75
Oklahoma 39,59,353 15,88,676 40.12 7 18 18
Oregon 42,37,256 24,15,094 57.00 36 31 37
Pennsylvania 1,30,02,700 20,61,718 15.86 67 33 38
Rhode Island 10,97,379 5,67,678 51.73 5 " 12
South Carolina 51,18,425 12,24,836 23.93 46 23 24
Utah 32,71,616 28,24,508 86.33 29 35 35
Vermont 6,43,077 8,646 1.34 14 2 2
Virginia 86,31,393 43,97,442 50.95 95 31 38
Washington 77,05,281 40,26,997 52.26 39 30 30
West Virginia 17,93,716 3,18,544 17.80 55 24 27
Wisconsin 58,93,718 27,70,710 47.01 72 42 43
Wyoming 5,76,851 1,69,027 29.30 23 7 7

A table showing information about the percentage of the state population included in wastewater monitoring, counties with wastewater monitoring,
monitored sewersheds, and monitored wastewater sites sampling (August to October 2024) for 32 states analyzed. A state was included in the analysis
if it had a sewershed for at least 80% of its monitoring sites or monitored population. Sewershed and state populations were estimated from US Census
2020 data to ensure that the percentage of the statewide population included in wastewater monitoring was calculated from the same year’s data.

aState populations were obtained from the 2020 US Census data.

bSewershed populations were estimated from the EPA Dasymetric Allocation of Population US, 2020.

https://doi.org/10.1371/journal.pgph.0006243.t001
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sewersheds (86%) while Vermont had the lowest statewide population coverage (1%). The median percentage of the
state population included in wastewater monitored sewersheds was 42%.

Comparing characteristics of aggregated sewershed and statewide populations

To address our first question, we compared the aggregated sewershed population within a state to the statewide popu-
lation for 26 variables obtained from US Census, ACS, and SVI data. Across all states, the current monitored sewershed
and statewide populations were similar (less than +/-5% difference) for 11/26 variables (less than 5 years, 65 years or
older, no health insurance, disability, below federal poverty level, unemployed, native Hawaiian/Pacific Islander, limited
English speaking, and group quarters - correctional, nursing, and military; Fig 1). Across 31 states there were four addi-
tional variables that had a less than +/-5% difference (less than 18 years, limited English speaking, Asian, and American
Indian and Alaska Native; Fig 1). We found meaningful differences (greater than +/-5%) between the sewershed and

state populations in multiple states for 7/26 variables (White alone, African American alone, Hispanic, median household
income, bachelor’s degree or higher, racial and ethnic minority status SVI, and housing type and transportation SVI,

Fig 1). In general, the monitored sewershed populations had a lower proportion of Whites and a higher proportion of either
African American, Hispanic, or Asian persons compared to the statewide population (Fig 1). The ratio between the sewer-
shed and statewide population further demonstrated that Asians were over-represented in wastewater and that sewershed
populations included a higher proportion of limited English speakers. Also, monitored sewershed populations tended to
have higher educational attainment (Fig 2c) and lower median household income (Fig 2d). The ratio between income in
the sewershed and income in the state better exemplified the income gap; the sewershed populations’ income was 25%
lower in half of states analyzed and 50% lower in 5 states. Differences in individual race and ethnicity characteristics were
often reflected as meaningfully higher racial and ethnic minority vulnerability in the monitored sewershed population

(Fig 1 and 2b). We also observed that overall social vulnerability and vulnerability related to each theme were often mean-
ingfully different between the sewershed and the state population, and that the direction of the difference (higher or lower
in the sewershed) often varied across states (Fig 1 and 2a). Finally, based on the population ratio, we also saw differ-
ences in the proportion of the population in group quarters where, generally, sewersheds included a lower percentage of
people living in correctional group quarters and a higher percentage of people living in college group quarters.

However, in some states, the difference between the monitored sewershed and statewide population characteristics
deviated from the patterns observed in most states. In Maryland, the monitored sewershed population had a meaningfully
higher proportion of Whites, a lower proportion of minorities, and lower social vulnerability overall and across all themes
which was opposite to what was observed in other states (Fig 1). The pattern was also different in Kansas, where we
found that the sewershed and statewide populations were similar in race and ethnicity and that the sewershed population
had meaningfully lower social vulnerability rankings (except for racial and ethnic minority status vulnerability) compared to
the statewide population. A higher proportion of people living in group quarters, specifically colleges, was identified only
in Vermont and New Hampshire’s monitored sewershed populations (Fig 1). Finally, some states’ wastewater monitored
populations represented the statewide population well for measured variables. We observed that five states, Colorado,
Nebraska, Oregon, South Carolina, and Utah, did not have any variables where the monitored sewershed and the state-
wide populations differed by greater than +/-5% (excluding median household income, which was meaningfully lower in
the sewershed across all states; Fig 1). A complete list of differences between the sewershed and statewide population for
each state and variable analyzed can be found in the supplemental material (S2 Table).

Comparing population characteristics across individual sewersheds and counties

In the sub-analysis, the relationship between the distributions of populations in monitored sewersheds and populations in
counties differed across the four states analyzed. In North Carolina, a comparison of populations in 35 monitored sew-
ersheds with populations in the state’s 100 counties showed that the sewershed distribution had significantly different
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Difference in Population Proportion, Monitored Sewersheds (Aug-Oct 2024) - State
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Fig 1. Differences between statewide monitored sewershed populations and the statewide populations. A heatmap showing the percentage
differences between the aggregated statewide monitored sewershed population proportion and the statewide population proportion for sites sampling
August to October 2024. Shades of red indicate the proportion of the population is higher in the sewershed and shades of blue indicate the proportion of
the population is lower in the sewershed. An * indicates that the difference is greater than +/- 5%. State abbreviations are displayed along the x-axis in
alphabetical order.

https://doi.org/10.1371/journal.pgph.0006243.9001

PLOS Global Public Health | https://doi.org/10.1371/journal.pgph.0006243  April 22, 2026 7116




. Global Public
PLOS " Health

Il 10t 15
o - [ ]5t010
S Qo [ Jotos

[Joto-5
b g I -5t0-10
B -10to-15
[ state analyzed

[ Joto20
& & [ ]20to40
Q %o @ 2 [ 40to 60
I 50 to 80
D b I 50 to 90
|:] State analyzed

Fig 2. Differences between statewide monitored sewershed populations and statewide populations. Maps showing the percentage differences
between the aggregated statewide monitored sewershed population proportion (sites sampling August to October 2024) and the statewide population
proportion for: a) housing type and transportation SVI, b) racial and ethnic minority status SVI, ¢) educational attainment, and d) median household
income. Maps a, b, and c share a common legend. State boundaries are publicly available from https://www.census.gov/geographies/mapping-files/
time-series/geo/cartographic-boundary.html.

https://doi.org/10.1371/journal.pgph.0006243.g002

and lower proportions of people 65 years or older, Whites, and disabled people, and higher proportions of Hispanics,
limited English speakers, and those with a bachelor's degree. North Carolina’s sewershed population distribution also had
significantly different and lower median household income and lower vulnerability related to socioeconomic status, house-
hold characteristics, and racial and ethnic minority status than the population distribution in counties (Fig 3). In New York,
populations across 188 monitored sewersheds had lower proportions of people with no health insurance, lower median
household income and lower housing type and transportation SVI, and racial and ethnic minority status SVI compared to
populations in New York’s 62 counties. Only vulnerability related to household characteristics was meaningfully shifted
towards higher values in New York’s sewershed populations (Fig 3). In Colorado, population distributions were similar
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income, J) SES SVI, K) household characteristics SVI, L) racial and ethnic minority SVI, M) housing type and transportation SVI. An asterisk indicates a
statistically significant difference (KS statistic p-value <0.05) between the sewershed and county distributions.

https://doi.org/10.1371/journal.pgph.0006243.9003

between the state’s 20 monitored sewersheds and its 64 counties, except for median household income and racial and
ethnic minority status vulnerability, where the sewershed populations included lower values (Fig 3). Wisconsin’s 47 sew-
ershed populations had lower proportions of people 65 years or older and lower median household income compared

to populations in its 72 counties. In Wisconsin, the population distribution in monitored sewersheds was shifted towards
higher values for overall SVI as well as vulnerability related to SES, household characteristics, and housing type and
transportation (Fig 3). The KS statistic and associated p-value for each variable by state can be found in the supplemental
material (S3 Table).

Comparing characteristics of the aggregated sewershed and statewide populations over time

For the second research question, we explored wastewater-monitored population representativeness over time (January
and August, 2021-2024) in four states. In New York, the differences between the wastewater-monitored population and
the statewide population have been in the same direction (higher or lower) but have decreased in magnitude as New York
increased population coverage by more than tripling the number of monitoring sites between 2022 and 2024. Specifically,
the wastewater monitored population in New York has consistently had a higher proportion of African Americans, Asians,
and Hispanics and a lower proportion of Whites, and more residents with limited English-speaking ability, and higher
social vulnerabilities than the statewide population (Fig 4c). In North Carolina, the monitored sewershed population con-
sistently had a meaningfully different, higher proportion of African Americans, a lower proportion of Whites, and a higher
proportion of people with a bachelor’s degree, regardless of changes in the number of sampling sites or population cov-
erage. While the direction of differences in North Carolina is consistent over time, the differences decreased when North
Carolina had more sites and increased population coverage between January 2023 and January 2024 (Fig 4b). In con-
trast to findings in New York and North Carolina, Colorado’s sewershed population characteristics have been comparable

L L e e ————

- e SR ) -

-------------------

Fig 4. Differences between statewide monitored sewershed populations and statewide populations and changes in total population and total
sites sampled over time. Heatmaps showing the percentage point differences between the proportion of the population monitored statewide sewer-
sheds and the state and line graphs showing the total sewershed population and number of sewershed sites sampling in January or August of the years
2021, 2022, 2023, and 2024 in a) Colorado, b) North Carolina, ¢) New York, and d) Wisconsin. Dates on the x-axis are aligned to allow for comparisons
between plots. An * in the heatmap indicates that the difference was greater than +/-5%.

https://doi.org/10.1371/journal.pgph.0006243.9004
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to the statewide population characteristics over time, even though Colorado’s wastewater program expanded to 63 sites in
2023 and then reduced its site count to 20 by August 2024 (Fig 4a). Finally, in Wisconsin, the direction and magnitude of
the differences between the sewershed and statewide population characteristics were stable over time, even though the
number of monitored sewersheds decreased from 70 to 47 between 2021 and 2024 (Fig 4d).

Discussion

In this study, we leveraged sewershed polygon data to determine the characteristics of populations included in CDC
NWSS and assess whether wastewater-monitored population characteristics are representative of broader populations.
Our findings suggest that wastewater monitoring can sometimes capture representative populations, which is useful when
tracking widespread respiratory pathogens like SARS-CoV-2 or influenza, while in other cases, a deliberate over-sampling
of at-risk groups may be more desirable. This work also highlights the importance of having accurate data about the
sewershed population and how under- or over-representation of certain groups can impact the interpretation of wastewa-
ter data for public health. In some states, including Colorado, Utah, and South Carolina, wastewater was sampled from
sewersheds where the population represented the state population well, indicating that wastewater data can effectively
serve as a proxy for disease trends across the state. In other states, we identified differences between the monitored
sewershed and the state populations. In general, there was a higher proportion of racial and ethnic minorities and a lower
proportion of Whites in sewershed populations. Also, the sewershed population had higher educational attainment, but

at the same time, lower median household income and somewhat higher proportions of people living below the federal
poverty level compared to the state population. This suggests that although higher education is often linked with higher
income, sewershed populations may experience greater income inequity, with a concentration of both high-income earn-
ers and low-income earners resulting in a lower median income [21,22]. Factors such as socioeconomic status, income,
race, ethnicity, and education, are important determinants of health because they shape individuals’ access to resources
which then influences their risk for poor health outcomes [23,24]. Including a higher proportion of groups with greater risk
factors and a higher burden of disease in wastewater monitoring is beneficial to public health as this can fill critical surveil-
lance gaps and improve public health information about people who may experience a disproportionate burden of disease
[25-27]. However, wastewater data should be interpreted in consideration of these similarities and differences because
there is a risk that viral levels detected in wastewater could be exaggerated when populations at higher risk of increased
disease burden are over-sampled. By recognizing the similarities and differences between sewershed and broader pop-
ulations, wastewater monitoring data can be effectively integrated with other clinical surveillance sources to inform public
health decisions.

When we compared the aggregated sewershed population to the state population, we found that high population cover-
age did not always correspond with minor differences between the sewershed and the statewide population. Wastewater
monitoring programs in Utah, Delaware, Nebraska, Hawaii, and New York included the majority of the state’s population,
but characteristics of the wastewater-monitored population and the state population differed for some variables. In three
states, New York, Delaware, and Hawaii, we observed meaningful differences in race, ethnicity and social vulnerability
characteristics even though the wastewater-monitored population included 77%, 63%, and 67% of the state’s population,
respectively. Sewer connectivity has been linked with certain population demographics and so, in some states, differ-
ences between the sewershed and state population characteristics may persist even when a large portion of the popula-
tion is represented in wastewater monitoring [2]. Conversely, Colorado and South Carolina included a smaller proportion
of the state in wastewater monitoring, 28% and 24% respectively, but attributes of the sewershed population closely
matched the statewide population across all variables analyzed. These findings suggest that, in these states, although the
wastewater-monitored population was relatively small, it reflected the overall diversity of the statewide population.

Since wastewater monitoring largely occurs in communities served by municipal sewer systems in highly populated,
urban counties [3], comparing aggregated sewershed population characteristics to statewide population characteristics
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may have masked smaller sewersheds’ population characteristics. For example, the distribution of the proportion of the
population 65 years or older in individual sewersheds was significantly different and lower than the distribution in counties
in the four states analyzed even though we did not find meaningful differences between the aggregated sewershed and
the state population in 32 states. Understanding whether the elderly are over or under-represented in a state’s wastewa-
ter data is particularly important to public health because the elderly are at greater risk of severe disease or death due to
respiratory illnesses [28]. Additionally, we found that the proportion of the population with a bachelor’s degree or higher

in sewersheds compared to counties was significantly different only in North Carolina and Wisconsin even though edu-
cational attainment was found to be higher in the sewershed population compared to the state population in the majority
of states and meaningfully higher in six states. In North Carolina, we found several more differences not observed when
comparisons were made at the state level, indicating that the less populous sewershed characteristics differed from pop-
ulous sewershed characteristics or simply that the ratio of monitored sewersheds compared to counties (35 sewersheds
vs 100 counties) necessitated a more granular analysis method. Considering these results and previous research that
demonstrated differences between sewershed and county population characteristics [8], states might benefit from assess-
ing population representativeness at different geographic levels. The differences between the distribution of populations
in sewersheds and counties also demonstrate the importance of performing epidemiological studies based on the sewer-
shed population rather than the county population when sub-county data are available.

In most states, sampling site composition has fluctuated over time, first expanding to cover a high proportion of the
population during the height of the COVID-19 pandemic and then contracting as states scaled back their number of
testing sites and added testing for additional pathogens. Increasing the percentage of the state’s population included in
wastewater monitoring over time did not greatly affect the differences between the wastewater monitored and the state-
wide population in New York, North Carolina, Wisconsin, and Colorado. Although substantially increasing wastewater
monitoring coverage in New York improved wastewater representativeness, differences between the sewershed and
state populations remained. Furthermore, changes in the number of sampling sites and population coverage between
2021 and 2024 in North Carolina, Colorado, and Wisconsin had minimal effect on representativeness. This implies that
sites which were added or removed were relatively small or had similar population characteristics to the state.

This study was subject to several limitations. First, our analysis may not have included the entire wastewater-
monitored population within each state. We assessed sewershed populations using sewershed polygon data submitted
to CDC NWSS for ELC-funded sites, which may not include the entirety of wastewater monitoring sites within a state.
Also, we included states in our analysis that had submitted a sewershed for at least 80% of their current wastewater
monitoring sites or wastewater monitored population, to have sufficient data to estimate wastewater monitored pop-
ulation characteristics while including a majority of states. The analysis could be re-run when complete sewershed
geospatial data are available. Second, using a spatial intersect may include people residing outside of the sewershed
if a sewershed partially overlaps a block or tract. We attempted to account for this by area-weighting the US Census
and ACS population counts and population-weighting the SVI ranks. Third, using a +/-5% difference threshold affected
the number of variables deemed meaningfully different. Choosing a lower threshold would reveal more differences in
smaller populations, but it also may detect minor variations that lack practical importance in larger populations. Addi-
tionally, the KS test flagged differences between sewershed and county distributions as significant for some variables
where the proportions of the population were very small, which complicates the interpretation of these results. Finally,
the scope of this analysis was limited in several ways. Since sewershed data were only available for wastewater mon-
itoring sites (past and present), we could not assess how characteristics of monitored sewersheds compared to the
overall sewered population or how the overall sewered population compared to the state population. Also, we did not
attempt to account for the fact that sewershed populations are not static. People who do not reside in a sewershed may
travel into a sewershed for school, work, or leisure, or vis-versa, and some sewersheds will experience more population
fluctuation than others.
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Future directions

This study provides a framework for assessing wastewater-monitored population characteristics and comparing them with
the broader population. Collecting a sewershed polygon for every wastewater sampling site submitting data to NWSS

is an ongoing effort, and when complete, this analysis can be repeated to evaluate population representativeness for

all states and at the national scale. The geospatial methods described here can be easily adapted to analyze additional
population descriptions from US Census or other relevant data or to determine representativeness at different geographic
scales, such as state-specific public health regions. Additionally, the method could be expanded to look beyond sewer-
shed population characteristics to include assessing the presence of travel hubs, healthcare facilities, schools, or other
points of interest in the sewershed. Future work can incorporate information about sewershed characteristics or represen-
tativeness into site selection tools so that wastewater data can efficiently and effectively meet public health needs. For
example, when monitoring common respiratory illnesses such as COVID-19 or influenza, wastewater programs could pri-
oritize sampling from sites that closely reflect the broader population to improve the relevance and utility of the data. [29].
Alternatively, they might focus sampling efforts on sewersheds with high proportions of people over 65 years to monitor
populations at higher risk for more severe iliness, or sewersheds with high numbers of nursing home facilities and hospi-
tals to track hospital-associated infections [30].

Conclusion

A wastewater sample represents a composite of the people in the sewershed regardless of individuals’ demographics,
socioeconomic conditions, or access to healthcare. This is the first study to analyze sewershed polygons for wastewater
sites participating in CDC NWSS to assess how the wastewater-monitored population compared to broader populations.
Through this research, we gained new perspectives about whether certain populations were over- or under-represented
in a state’s wastewater data and how sewershed population representativeness has changed as states enrolled and
dropped sampling sites since NWSS was established in 2021. A better understanding of the sewershed population can
provide insight for interpreting pathogens detected in wastewater, thereby strengthening the utility of wastewater monitor-
ing as a tool for protecting the public’s health.
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