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Abstract

Public health policy impact evaluation is challenging to study because randomized con-

trolled experiments are infeasible to conduct, and policy changes often coincide with non-

policy events. Quasi-experiments do not use randomization and can provide useful knowl-

edge for causal inference. Here we demonstrate how longitudinal wastewater monitoring of

viruses at a small geographic scale may be used in a quasi-experimental design to evaluate

the impact of COVID-19 public health policies on the spread of COVID-19 among a univer-

sity population. We first evaluated the correlation between incident, reported COVID-19

cases and wastewater SARS-CoV-2 RNA concentrations and observed changes to the cor-

relation over time, likely due to changes in testing requirements and testing options. Using a

difference-in-differences approach, we then evaluated the association between university

COVID-19 public health policy changes and levels of SARS-CoV-2 RNA concentrations in

wastewater. We did not observe changes in SARS-CoV-2 RNA concentrations associated

with most policy changes. Policy changes associated with a significant change in campus

wastewater SARS-CoV-2 RNA concentrations included changes to face covering recom-

mendations, indoor gathering bans, and routine surveillance testing requirements and

availability.

1. Introduction

Nonpharmaceutical interventions (NPIs) aim to reduce the spread of an infectious disease in a

community, especially when the community has little immunity to the pathogen or a vaccine

is not yet available [1]. Examples of NPIs implemented in the United States at the start of the

coronavirus disease 2019 (COVID-19) pandemic include face mask mandates, stay-at-home

orders, non-essential business closures, and large gathering bans [2]. Although NPIs intended

to benefit communities by flattening the epidemic curve—that is by reducing the peak number
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Received: February 2, 2024

Accepted: May 5, 2024

Published: June 3, 2024

Copyright: © 2024 Chan et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: Wastewater data are

publicly available through the Stanford Digital

Repository (https://doi.org/10.25740/

ch598gf0783).

Funding: This work was supported by the

Provost’s Office of Stanford University to ABB with

additional support from the Sergey Brin Family

Foundation to ABB. The funders had no role in

study design, data collection and analysis, decision

to publish, or preparation of the manuscript.

https://orcid.org/0000-0002-8162-5090
https://doi.org/10.1371/journal.pwat.0000242
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pwat.0000242&domain=pdf&date_stamp=2024-06-03
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pwat.0000242&domain=pdf&date_stamp=2024-06-03
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pwat.0000242&domain=pdf&date_stamp=2024-06-03
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pwat.0000242&domain=pdf&date_stamp=2024-06-03
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pwat.0000242&domain=pdf&date_stamp=2024-06-03
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pwat.0000242&domain=pdf&date_stamp=2024-06-03
https://doi.org/10.1371/journal.pwat.0000242
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.25740/ch598gf0783
https://doi.org/10.25740/ch598gf0783


of cases and burden on the health care system—the implementation of NPIs also led to eco-

nomic consequences and tolls on social well-being [3–5]. Governments and institutional lead-

ership are tasked with balancing public health, social well-being, and economic prospects in

the face of epidemics. Causal evidence can help policymakers and leaders make better-

informed decisions in dire situations.

Following the initial wave of the pandemic, several studies empirically assessed the impact

of NPIs on health-related outcomes. These studies suggested that NPIs reduced the spread of

severe acute respiratory disease syndrome coronavirus 2 (SARS-CoV-2) virus, with school and

workplace closures, business restrictions, large gathering bans, and mask mandates among the

most impactful [6–10]. A review of the methodologies used by these studies found that around

half analyzed raw outcome data and half analyzed computed outcome data (i.e., raw outcome

data was used to compute another outcome) [11]. The most common raw outcomes analyzed

were clinical surveillance reports (e.g., confirmed cases or deaths) and human mobility (e.g.,

tracking of mobile phones) [11]. The most common computed outcomes analyzed were

COVID-19 growth rate and effective reproduction number [11].

Although clinical surveillance and mobile phone tracking are the most common sources of

data used to evaluate NPIs, these data are not without biases and limitations. Counts of con-

firmed cases depend on clinical testing capacity and clinical testing rates, and deaths that

occur outside of hospitals may be underreported [6–8,10,11]. Furthermore, clinical testing

behaviors have drastically changed with the availability of self-administered antigen tests

which are not reported to health departments [12]. Mobility data through tracking of mobile

phones are unaffected by changes in clinical testing, but these data are not always publicly

accessible, biased towards individuals who opt into location history sharing, and may not be a

reliable proxy for SARS-CoV-2 transmission dynamics [13,14]. Wastewater monitoring,

which gained heightened attention during the COVID-19 pandemic, is a promising data

source because it does not suffer some of the limitations of clinical surveillance and mobility

data for epidemiological inference.

Wastewater monitoring refers to the analysis of a sample of wastewater, which represents a

pooled biological sample of the contributing population, for concentrations of infectious dis-

ease markers. Wastewater monitoring data capture contributions from both symptomatic and

asymptomatic individuals and are not influenced by clinical testing availability or clinical test-

seeking behaviors [15]. Studies reported that concentrations of SARS-CoV-2 RNA in wastewa-

ter solids are temporally correlated with laboratory-confirmed incident COVID-19 cases [16–

19]. Several studies also demonstrated that wastewater monitoring can be used at geographic

scales smaller than a sewershed (i.e., the population serviced by a wastewater treatment plant)

to gain insight about COVID-19 incidence [20–32]. A potential use case for wastewater moni-

toring at subsewershed scales is to assess the impact of public health policies.

The World Health Organization (WHO) suggests sampling at finer spatial scales when using

wastewater monitoring data to inform targeted control interventions [15]. Previous studies eval-

uating NPIs using clinical surveillance or mobility data were mostly conducted at national or

subnational scales, and few of these studies investigated variation in the impact of NPIs on

health-related outcomes among subpopulations [11]. NPIs may be more or less impactful in a

subpopulation compared with the general population (e.g., due to different interaction patterns)

or public health goals may differ among subpopulations (e.g., universities aim to maximize on-

campus activity) [33]. Wastewater monitoring data may be well-suited to objectively assess

NPIs, particularly among subpopulations and when clinical testing rates are low.

In this study, we evaluate the potential use case of wastewater monitoring data to empiri-

cally assess the impact of NPIs on the spread of COVID-19 among a university population. We

begin by assessing the correlation between wastewater concentrations of SARS-CoV-2 RNA
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and reported COVID-19 incidence at Stanford University and evaluate changes to this correla-

tion over time. Next, we evaluate the association between COVID-19 public health policies

implemented at Stanford University and changes in wastewater concentrations of SARS-CoV-

2 RNA using a difference-in-differences (DiD) approach. DiD is a quasi-experimental design

commonly used in econometrics—although it was first used in 1854 by the English physician

John Snow for epidemiologic purposes—that assesses the impact of an intervention on an out-

come without the use of randomization [34–36]. DiD designs have been used by previous stud-

ies to empirically evaluate the causal effects of COVID-19 policies on clinical or mobility

outcomes [37–44].

2. Methods

We used wastewater SARS-CoV-2 RNA monitoring data, COVID-19 case surveillance data,

and dates associated with changes to campus COVID-19 public health policies between 29 July

2021 to 9 August 2023. During this timeframe, the residential communities for undergraduate

and graduate students at Stanford University were open for all students to physically reside on

campus. All calculations and statistical analyses were conducted in R (R Foundation for Statis-

tical Computing version 4.1.3). This study was approved by the Stanford Institutional Review

Board (IRB) for human subject research (IRB-59746). We did not obtain consent from indi-

viduals to preserve anonymity, and we did not have access to personally identifiable informa-

tion during or after data collection.

2.1 Wastewater monitoring data

We used wastewater monitoring data from the Codiga Resource Recovery Center (CR2C) and

the Palo Alto Regional Water Quality Control Plant (RWQCP) for this analysis. CR2C is a

pilot scale wastewater treatment facility that services a portion of the Stanford University cam-

pus (California, USA). Buildings serviced include academic buildings and student and faculty

housing; hospitals and clinics affiliated with the medical school are not serviced by CR2C (Fig

A in S1 Text) [45,46]. CR2C services approximately 10,000 people with an estimated daily flow

of approximately 0.5 million gallons of wastewater each day [20,46]. CR2C is a subsewershed

of the sewershed serviced by RWQCP which is operated by the City of Palo Alto (California,

USA). RWQCP services approximately 236,000 people and treats approximately 20 million

gallons of wastewater each day for Los Altos, Los Altos Hills, Mountain View, Palo Alto, Stan-

ford University, and the East Palo Alto Sanitary District (Fig A in S1 Text) [47].

Prospective, longitudinal wastewater sampling from CR2C and RWQCP began July 2021

and October 2020, respectively, and is currently ongoing. Briefly, wastewater settled solids are

collected from both CR2C and RWQCP for laboratory processing. Settled solids samples at

CR2C are generated from a 24-hour time proportional composite sample of the wastewater

influent that is allowed to settle. Settled solids samples at RWQCP are “grab” samples from the

primary clarifier; these samples are essentially composite samples because solids in the primary

clarifier collect over 12–24 hours [48]. Six samples per week are collected from CR2C; seven

samples per week are collected from RWQCP. Sampling from CR2C was temporarily reduced

to two samples per week between 1 November 2022 and 31 December 2022. Details about sam-

pling and processing methods used to measure the RNA targets, including quality assurance

and quality control metrics, are registered in protocols.io [49–51] and have been described

previously by Wolfe et al. [52] and Boehm et al. [53], so they are not repeated herein. Measure-

ments and reporting in those other publications follow Environmental Microbiology Minimal

Information (EMMI) guidelines. For this analysis, we used concentrations of the SARS-CoV-2

RNA N gene in wastewater settled solids in gene copies (gc) per gram (g) dry weight (gc/g),
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both unnormalized (N) and normalized by pepper mild mottle virus (PMMoV) RNA concen-

trations in wastewater settled solids in gc/g (N/PMMoV). The N gene target is located near the

frequently used N2 assay target [54], and we have confirmed no mutation in the genomic tar-

get over the course of the pandemic [19]. PMMoV is a commonly used marker of wastewater

fecal strength, and based on a mass balance model N/PMMoV should scale with disease inci-

dence rate [18,55,56]. We used data between 29 July 2021 and 9 August 2023 (CR2C: 590 days;

RWQCP: 736 days). The measured N gene concentration was below the limit of detection

(approximately 1,000 gc/g) in 29 samples from CR2C. No samples from RWQCP were below

the limit of detection. We imputed half the limit of detection (500 gc/g) for the N gene concen-

tration for samples below the limit of detection. There were no non-detects for PMMoV in the

dataset. Data from RWQCP between 16 November 2020 and 31 December 2022 have been

published previously by Boehm et al. [53] and are publicly available through the Stanford Digi-

tal Repository (https://doi.org/10.25740/cx529np1130) [57]. Data from CR2C are novel and

not published elsewhere. All wastewater monitoring data used in this study are publicly avail-

able through the Stanford Digital Repository (https://doi.org/10.25740/ch598gf0783) [58].

2.2 COVID-19 case surveillance data

Reported COVID-19 cases (hereafter “case data”) among students residing in the CR2C subse-

wershed are available from Stanford University. The date assigned to the positive test result is

the date of specimen collection. We used case data between 29 July 2021 and 9 August 2023 for

this analysis. The campus case data include positive test results from both student-reported

self-administered antigen tests and laboratory-based PCR tests through the university’s sur-

veillance testing program. The university’s surveillance testing program required vaccinated

students to test once per week (twice per week for unvaccinated students) through 7 April

2022. Free, optional laboratory-based PCR testing continued to be available for students

through 18 June 2023, so any cases thereafter were exclusively from student-reported self-

administered tests. The CR2C subsewershed includes faculty and staff housing, but nonstu-

dents residing in the CR2C subsewershed are not included in the university’s case data. Data

provided by the state of California did not identify any COVID-19 cases in nonstudent hous-

ing areas during our entire analysis period.

2.3 Campus COVID-19 public health policies

Dates and details of changes to Stanford University’s COVID-19 public health policies were

obtained from Stanford COVID-19 Health Alerts [59]. There were 15 unique dates on which

campus COVID-19 public health policies changed during the study period (Table 1). We cate-

gorized policies into three groups: masking (i.e., those involving the use of face coverings),

mobility (i.e., those involving movement or gathering of individuals), and testing (i.e., those

relating to laboratory-based surveillance testing). We included testing policies because we

hypothesize that surveillance testing requirements and availability affect the number of asymp-

tomatic cases interacting with the general university population and, in turn, SARS-CoV-2

transmission on campus. We further differentiated policies between those that enforced rules

(i.e., restrictions) and those that relaxed existing rules (i.e., relaxations). More information

about each policy is included in Table A in the S1 Text.

2.4 Correlation analysis

Incident COVID-19 cases within the CR2C subsewershed were reported daily, whereas

between 2–6 wastewater samples per week were collected and analyzed from CR2C during the

analysis period. Clinical case surveillance data may further contain reporting biases on
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weekends. To compare the two time series, we calculated weekly average N concentrations, N/

PMMoV concentrations, and incident COVID-19 cases for each epidemiological week (Sun-

day through Saturday). Neither raw nor log10-transformed weekly average N or N/PMMoV

concentrations from CR2C were normally distributed (Shapiro-Wilk normality test, p< 0.01),

so we used Kendall’s tau correlation to test the null hypothesis that weekly average wastewater

SARS-CoV-2 RNA concentrations and weekly average incident COVID-19 cases in the CR2C

subsewershed are not temporally correlated. We tested this null hypothesis using both unnor-

malized (N) and normalized (N/PMMoV) wastewater concentrations. We used the Kendall-

TauB function from the DescTools R package to compute the 95% confidence interval for each

tau estimate [60].

We further conducted three subgroup correlation analyses. First, we grouped the data by

whether wastewater sample or clinical specimen collection occurred during the academic year

(autumn, winter, or spring quarter) or nonacademic year (summer quarter). We used the date

halfway between the last day of classes of the previous quarter and first day of classes of the fol-

lowing quarter to define the start and end of quarters [61]. Second, we grouped the data by

whether wastewater sample or clinical specimen collection occurred before or after the

requirement for laboratory-based surveillance testing was suspended for vaccinated and

boosted students (7 April 2022) (Table 1). The laboratory-based surveillance testing program

required fully vaccinated students to test once a week (twice a week for unvaccinated students)

and therefore intended to capture both symptomatic and asymptomatic cases through routine

testing. Third, we grouped the data by whether wastewater sample or clinical specimen collec-

tion occurred before or after 1 May 2022 [19]. This date represents a point in time when self-

administered COVID-19 antigen tests, the results of which are not reportable to health

Table 1. Changes to COVID-19 public health policies at stanford university since regular wastewater sampling began at the Codiga Resource Recovery Center.

Date Category Type Policy

8/3/2021 Masking Restriction Face coverings required indoors

9/2/2021 Masking;

Mobility

Restriction;

Restriction

Face coverings recommended outdoors in crowded settings; Indoor student parties prohibited

9/20/

2021

Testing;

Mobility

Restriction;

Relaxation

Surveillance testing required for faculty, staff, and postdoctoral scholars regardless of vaccination status; Revised

travel guidelines in effect

10/8/

2021

Mobility Relaxation Indoor student parties can resume

1/3/2022 Mobility Restriction Online classes start

1/5/2022 Mobility;

Mobility

Restriction;

Restriction

No indoor events and gatherings; Outdoor-only gatherings and meetings prohibited

1/18/

2022

Mobility Relaxation In-person instruction resumes

1/21/

2022

Mobility Relaxation Outdoor-only gatherings and meetings allowed again

1/28/

2022

Mobility Relaxation Indoor events and gatherings can resume

3/2/2022 Masking Relaxation Face coverings strongly recommended, regardless of vaccination status

4/7/2022 Testing Relaxation Surveillance testing no longer required for students

10/24/

2022

Masking Relaxation Masks no longer required in classrooms and on campus shuttles

1/6/2023 Masking Restriction Face coverings strongly recommended indoors and in crowded outdoor settings

3/24/

2023

Testing Relaxation Optional, free, laboratory-based PCR testing ends for employees

6/18/

2023

Testing Relaxation Optional, free, laboratory-based PCR testing ends for students

https://doi.org/10.1371/journal.pwat.0000242.t001
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departments, were widely available [12,19]. For each subgroup, we grouped weekly average

wastewater concentrations and incident case counts based on the end date of the epidemiologi-

cal week. In total, we conducted 14 correlation analyses using subsets of the same datasets to

test the same null hypothesis, so we used an alpha value of 0.05 / 14 = 0.004 to account for mul-

tiple hypothesis testing when interpreting the p-value associated with each tau estimate.

2.5 Policy impact evaluation

We used PMMoV-normalized wastewater concentrations for the remainder of the analysis as

the correlation between incident COVID-19 cases and wastewater SARS-CoV-2 RNA concen-

trations were similar using N and N/PMMoV, and a mass balance model suggests the N/

PMMoV ratio should scale with incidence rate [56]. PMMoV is also a conceptually valid nor-

malization approach because (1) PMMoV is an indigenous wastewater virus and therefore

may better correct for differences in virus recovery than an exogenous recovery control that is

seeded into the sample such as bovine coronavirus (BCoV) and (2) PMMoV is of dietary origin

and therefore can control for differences in the fecal strength of the wastestream [55,56]. To

assess the association between campus COVID-19 public health policies and changes in N/

PMMoV measurements at CR2C, we used a difference-in-differences (DiD) approach. For the

DiD design, we assumed policies went into effect at midnight on the date of implementation

(day = 0). We defined the pre-treatment period as the 14 days before a policy was implemented

(days -14 to -1) and the post-treatment period as the 14 days after a policy was implemented

(days 0 to 13). We chose 14 days because 14 days is the maximum incubation period for

SARS-CoV-2 and people who shed SARS-CoV-2 RNA typically do so at the start of infection

[62–66]. We assumed the RWQCP sewershed represents a reasonable comparison group for

the CR2C subsewershed. With the exception of the East Palo Alto Sanitary District, RWQCP

services cities in Santa Clara County, which is the same county that Stanford University is

located in. Santa Clara County entered the least restrictive “Yellow Tier” of California’s Blue-

print for a Safer Economy on 19 May 2021, which lifted most local orders [67]. Moreover, Cal-

ifornia met the criteria under the Blueprint for a Safer Economy to fully reopen the economy

on 15 June 2021 [68]. Regular sampling began at CR2C on 29 July 2021; therefore, we assumed

policies implemented by Stanford University thereafter (Table 1) were only applicable to the

CR2C subsewershed population and not the greater RWQCP sewershed population. The two

exceptions were 3 August 2021 and 2 March 2022 because Santa Clara County also issued the

same policies (Table 1) [69,70]. Non-policy events, such as emergence of novel SARS-CoV-2

variants, may also affect SARS-CoV-2 transmission; however, CR2C and RWQCP are in the

same geographic area, so we assumed most non-policy events occurred around the same time

and are therefore accounted for in the DiD design. Further justification for using RWQCP as a

comparison group is included in the S1 Text.

We used a multivariable linear regression model to implement our DiD approach (Eq 1)

[71]. A value of 0 for time represents the pre-treatment period (days -14 to -1), and a value

of 1 represents the post-treatment period (days 0 to 13). A value of 0 for treated represents

the untreated group (RWQCP), and a value of 1 represents the treated group (CR2C). The

coefficient of the interaction between time and treated (β3) represents the DiD estimator, or

the average treatment effect on the treated (ATT) [35,71]. In this study, a positive ATT

value suggests a policy was associated with an increase in wastewater N/PMMoV concentra-

tions; a negative ATT value suggests a policy was associated with a decrease in wastewater

N/PMMoV concentrations. We recorded β3 (the ATT) and the p-value associated with β3

for each policy in Table 1 except for the two policies that Santa Clara County also issued

(see above). R code for the DiD analysis is available through the Stanford Digital Repository
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(https://doi.org/10.25740/ch598gf0783) [58].

log10ðN=PMMoVÞ ¼ b0 þ b1 � timeþ b2 � treated þ b3 � time� treated ðEq 1Þ

3. Results and discussion

3.1 Correlation between wastewater concentrations of SARS-CoV-2 RNA

and incident COVID-19 cases

Between 29 July 2021 and 9 August 2023, wastewater N gene concentrations from CR2C ran-

ged from not detected to 2.4 x 106 gc/g (mean: 1.3 x 105 gc/g, median: 4.4 x 104 gc/g) (Fig 1A).

PMMoV-normalized wastewater concentrations ranged from not detected to 5.0 x 10−3

(mean: 2.4 10−4, median: 6.4 x 10−5) (Fig 1B). Reported daily incident COVID-19 cases within

the CR2C subsewershed ranged from 0 cases to 420 cases (mean: 52 cases, median: 15 cases)

(Fig 1C). Over the entire analysis period (the week ending on 31 July 2021 through the week

ending on 12 August 2023), weekly average wastewater SARS-CoV-2 RNA concentrations

were positively and significantly correlated with weekly average incident COVID-19 cases

using unnormalized N gene concentrations but not significantly when using normalized N

gene concentrations (Table 2). The subgroup analyses suggest the correlation between waste-

water SARS-CoV-2 RNA concentrations and incident COVID-19 cases changed over time.

Weekly average wastewater SARS-CoV-2 RNA concentrations were positively and signifi-

cantly correlated with weekly average incident COVID-19 cases during the academic year

using both unnormalized and normalized N gene concentrations; this correlation was not sta-

tistically significant during the nonacademic portion of the year (Table 2). The decrease in stu-

dents on campus and increase in nonresidential visitors during the nonacademic portion of

the year may explain the lack of a statistically significant correlation during the nonacademic

year. The COVID-19 case data only include reported student cases residing within the CR2C

subsewershed, but infected, nonresidential visitors may still contribute viral RNA to the waste-

water that flows to CR2C.

Weekly average wastewater SARS-CoV-2 RNA concentrations were positively and signifi-

cantly correlated with weekly average incident COVID-19 cases before the suspension of sur-

veillance testing using both unnormalized and normalized N gene concentrations; this

correlation was not statistically significant after the suspension of surveillance testing using

normalized N gene concentrations only (Table 2). The required, laboratory-based surveillance

testing program intended to capture both symptomatic and asymptomatic cases through rou-

tine testing. Thus, fewer asymptomatic cases may have been captured in the case data after sur-

veillance testing was suspended which may explain the lack of a statistically significant

correlation after this policy change.

Lastly, weekly average wastewater SARS-CoV-2 RNA concentrations were positively and

significantly correlated with weekly average incident COVID-19 cases before the widespread

availability of self-administered antigen tests using both unnormalized and normalized N gene

concentrations; this correlation was not statistically significant after the widespread availability

of self-administered antigen tests (Table 2). Positive, laboratory-based PCR tests are reportable

under state-disease reporting laws [72]; however, self-reporting of self-administered antigen

test results is voluntary. The widespread availability of self-administered antigen tests may

have contributed to underreporting of cases which may explain the lack of a statistically signifi-

cant correlation after the change in testing options.

It is not possible to deduce the main driver for the change in correlation between wastewa-

ter SARS-CoV-2 RNA concentrations and incident COVID-19 cases over time, but we suspect
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the change is due to several factors including changes in routine COVID-19 surveillance test-

ing requirements, changes in test reporting, and overall decreases in PCR test-seeking behav-

iors as the pandemic continues [19,73–75]. Studies suggest that virus shedding patterns differ

among SARS-CoV-2 variants [76–79], so changes in SARS-CoV-2 variants over time could be

another reason for the change in correlation over time. We also did not consider lead-lag time

effects between wastewater monitoring and case surveillance data as done in other studies

[16,80], so future work could investigate how lead-lag time effects between wastewater moni-

toring and case surveillance data have changed over the course of the pandemic. Nonetheless,

wastewater monitoring data are independent of test-seeking behaviors or test reporting pat-

terns so may be a less biased tool for monitoring public health, particularly in periods charac-

terized by low test-seeking and reporting rates.

Fig 1. Wastewater SARS-CoV-2 RNA concentrations and incident COVID-19 cases in the Codiga Resource Recovery Center (CR2C)

subsewershed. (A) N gene concentrations in gene copies per dry gram dry weight (gc/g), (B) N/PMMoV concentrations, and (C) incident COVID-19

cases over time. Gray circles represent measurements; error bars are one standard deviation. Gray triangles indicate measurements outside of the

range shown on the plot. Black lines connect weekly average values. The shaded area corresponds to the nonacademic year. The dashed lines

correspond to the date the surveillance testing requirement was suspended (7 April 2022) and the date of widespread availability of self-administered

COVID-19 antigen tests in the region (1 May 2022).

https://doi.org/10.1371/journal.pwat.0000242.g001
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3.2 Association between campus COVID-19 public health policies and

changes in wastewater concentrations of SARS-CoV-2 RNA

Because the reliability of campus COVID-19 case data changed over the course of the study

period at Stanford University, we used campus wastewater monitoring data from CR2C to

evaluate the impact of COVID-19 public health policies at Stanford University using a DiD

approach. Table 3 summarizes the average treatment effect on the treated (ATT) and associ-

ated p-value for each unique date associated with a change in campus COVID-19 public health

policies as estimated using Eq 1. The two policies that were also implemented by the greater

Santa Clara County were omitted from the analysis. Dates associated with a significant change

(p� 0.05) in wastewater N/PMMoV concentrations are shaded (red if ATT > 0 and blue if

ATT < 0). A depiction of the DiD approach using the date when indoor events and gatherings

were allowed to resume (28 January 2022) as an example is shown in Fig 2. In total, we ana-

lyzed 13 unique dates on which at least one change in campus COVID-19 public health poli-

cies went into effect. Most policy change dates (n = 8) were not associated with a significant

change in wastewater N/PMMoV concentrations at CR2C. Five policy change dates were asso-

ciated with a significant change in wastewater N/PMMoV concentrations (Table 3 and Fig B

in S1 Text). These five dates included policies from all categories (masking, mobility, testing);

three dates corresponded to policy relaxations, one corresponded to a policy restriction, and

one corresponded to both a policy relaxation and restriction.

We did not expect policy relaxations to be associated with a significant change in wastewa-

ter N/PMMoV concentrations because these policy types are not intended to curb virus trans-

mission. Eight dates exclusively corresponded to a policy relaxation, and five of them were not

associated with a change in N/PMMoV concentrations. However, three of these dates were

associated with a significant change in N/PMMoV concentrations. There was a significant

increase in N/PMMoV concentrations associated with allowing indoor gatherings to resume

(28 January 2022), which suggests that indoor gatherings are high-risk activities for SARS--

CoV-2 transmission on campus. Indoor gatherings are known to promote SARS-CoV-2 trans-

mission [81]. There was a significant decrease in N/PMMoV concentrations associated with

suspending the surveillance testing requirement for students (7 April 2022), and then a signifi-

cant increase in N/PMMoV concentrations associated with ending optional, free, laboratory-

based PCR testing for employees (24 March 2023). These results are difficult to reconcile with

expectations.

Table 2. Kendall’s tau correlation between weekly average wastewater SARS-CoV-2 RNA concentrations and inci-

dent COVID-19 cases within the Codiga Resource Recovery Center subsewershed.

Analysis Group

(n)

Kendall’s Tau (95% Confidence Interval)

N (gc/g) and Cases N/PMMoV and Cases

Entire analysis period (n = 107) 0.30 (0.18, 0.41) * 0.15 (0.02, 0.28)

Nonacademic year (n = 27) 0.33 (0.13, 0.53) 0.11 (-0.11, 0.33)

Academic year (n = 80) 0.35 (0.21, 0.48) * 0.24 (0.10, 0.38) *
Surveillance testing required (n = 36) 0.56 (0.42, 0.70) * 0.45 (0.28, 0.63) *
Surveillance testing not required (n = 71) 0.24 (0.10, 0.39) * 0.07 (-0.09, 0.23)

Before self-administered antigen tests (n = 40) 0.58 (0.46, 0.70) * 0.46 (0.29, 0.63) *
After self-administered antigen tests (n = 67) 0.21 (0.06, 0.36) 0.05 (-0.12, 0.21)

n = number of weeks with a paired weekly average wastewater concentration and weekly average case count.

gc/g = gene copies per gram.

* p < 0.05 / 14 = 0.004.

https://doi.org/10.1371/journal.pwat.0000242.t002
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We expected policy restrictions to be associated with a significant decrease in wastewater

N/PMMoV concentrations because these policy types are intended to curb virus transmission.

Four dates exclusively corresponded to a policy restriction, but only one of these dates was

associated with a significant change in N/PMMoV concentrations (recommending face cover-

ings outdoors and prohibiting indoor parties on 2 September 2021). This date was associated

with a significant increase rather than decrease in N/PMMoV concentrations, which could

suggest these restrictive policies did not curb virus transmission on campus. Both a policy

relaxation (revised travel guidelines) and policy restriction (surveillance testing required for all

faculty, staff, and postdoctoral scholars) were implemented on the remaining date associated

with a significant change in N/PMMoV concentrations (20 September 2021). This date was

associated with a significant decrease in N/PMMoV concentrations; it is not possible to disen-

tangle the individual causal effects of different policy types implemented on the same day.

Limitations of the DiD analysis may impact the interpretation of results and explain why

some results did not align with expectations. First, policies may not be associated with immedi-

ate effects on outcomes [82]. The policy restrictions we considered may be associated with

long-term effects on N/PMMoV concentrations despite being associated with null short-term

effects. We determined that 14 days preceding and succeeding a policy was the most justified

Table 3. Difference-in-differences analysis to evaluate the association between campus COVID-19 public health

policies and changes in wastewater N/PMMoV concentrations.

Date Policy ATT

(p-value)

9/2/2021 Face coverings recommended outdoors in crowded settings

Indoor student parties prohibited

0.72

(0.02)

9/20/2021 Surveillance testing required for faculty, staff, and postdoctoral scholars regardless of

vaccination status

Revised travel guidelines in effect

-0.61

(0.05)

10/8/2021 Indoor student parties can resume -0.42

(0.2)

1/3/2022 Online classes start -0.078

(0.8)

1/5/2022 No indoor events and gatherings

Outdoor-only gatherings and meetings prohibited

-0.16

(0.6)

1/18/2022 In-person instruction resumes -0.00048

(1.0)

1/21/2022 Outdoor-only gatherings and meetings allowed again -0.11

(0.6)

1/28/2022 Indoor events and gatherings can resume 0.47

(0.03)

4/7/2022 Surveillance testing no longer required for students -0.62

(0.02)

10/24/

2022

Masks no longer required in classrooms and on campus shuttles 0.11

(0.7)

1/6/2023 Face coverings strongly recommended indoors and in crowded outdoor settings -0.26

(0.3)

3/24/2023 Optional, free, laboratory-based PCR testing ends for employees 0.72

(0.008)

6/18/2023 Optional, free, laboratory-based PCR testing ends for students 0.37

(0.3)

ATT = average treatment effect on the treated.

Dates associated with significant change in wastewater N/PMMoV concentrations (p� 0.05) are shared. Red denotes

a significant increase (ATT > 0). Blue denotes a significant decrease (ATT < 0).

https://doi.org/10.1371/journal.pwat.0000242.t003
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time interval for the DiD design given the maximum incubation period for SARS-CoV-2 is 14

days and people who shed SARS-CoV-2 RNA generally do so at the start of infection [62–66].

When using 14 days, the pre- or post-treatment period of one policy sometimes overlapped

part of the pre- or post-treatment period of another policy for policies implemented close

together which may lead to cumulative impacts on N/PMMoV concentrations that are not

possible to disentangle. Second, there were sometimes campus announcements or national

news headlines about COVID-19 preceding the implementation of policies, which could

impact peoples’ behaviors leading up to the actual policy change date [82]. Peoples’ knowledge

about the gravity of the COVID-19 pandemic has been shown to influence the effectiveness of

lockdown policies [39]. We used official dates associated with changes to campus policies, but

peoples’ behaviors may have started changing before these dates. Alternatively, peoples’ behav-

iors may have never changed if campus policies were ignored. Third, while the DiD design

accounts for non-policy events that affect both CR2C and RWQCP, some non-policy events

Fig 2. Depiction of the difference-in-differences (DiD) approach using the date when indoor events and gatherings were allowed to resume (28

January 2022) as an example. (A) Daily N/PMMoV concentrations at the Codiga Resource Recovery Center (CR2C) and Palo Alto Regional Water

Quality Control Plant (RWQCP) over the 14 days before and after the policy change (denoted by the dotted line). Concentrations are displayed on a

log10 scale. (B) Average log10(N/PMMoV) concentration at CR2C and RWQCP across the 14 days before and after the policy change. The

counterfactual average log10(N/PMMoV) concentration at CR2C post-policy was estimated based on the time trend observed at RWQCP. The

difference between the observed and counterfactual average log10(N/PMMoV) concentration at CR2C post-policy represents the average treatment

effect on the treated (ATT). Here, a positive ATT value suggests that the policy change was associated with an increase in wastewater N/PMMoV

concentrations at CR2C.

https://doi.org/10.1371/journal.pwat.0000242.g002
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that affect the CR2C population and not the RWQCP population may have occurred. Co-

occurrence of such events with policy changes is unaccounted for in the DiD design. For

example, starts of quarters and university commencements may influence N/PMMoV concen-

trations at CR2C because these events result in large influxes of students and visitors to Stan-

ford’s campus. We conducted the DiD analysis for dates associated with commencements and

the first day of classes each quarter (Table B in the S1 Text), and two starts of quarters were

associated with a significant change in N/PMMoV concentrations at CR2C (decrease at the

start of autumn 2021 and increase at the start of spring 2022). Lastly, the proportion of people

with immunity, either from prior infection or vaccination, changes over time. Potential

impacts of public health policies on virus transmission may depend on the susceptible fraction

of the population; however, the DiD design does not account for changing levels of susceptibil-

ity in either population. Importantly though, COVID-19 vaccination rates were similar and

high among the Stanford University and greater Santa Clara County populations at the start of

the analysis period [69,83].

Notwithstanding these limitations, we compared our results to those of other studies that

also assessed COVID-19 public health policies among a vaccinated university population.

Yang et al. similarly found that large gatherings are potentially high-risk events on campus

[84]. Niu and Scarciotti concluded that mask wearing and social distancing measures were

most effective at reducing new infections [33]. Motta et al. [85] and Paltiel and Schwartz [86]

determined that routine surveillance testing was associated with a reduction in infections,

even as vaccine effectiveness or coverage decreased. These other studies all used modeling

approaches to assess COVID-19 public health policies; models are useful tools to evaluate pub-

lic health measures although they often simplify real-world circumstances.

To our knowledge, there are no other published studies that empirically evaluate public

health policies using wastewater monitoring data and a quasi-experimental approach, particu-

larly among a vaccinated university population. The few other empirical studies using waste-

water monitoring data for policy impact evaluation, which were conducted at large geographic

scales and the beginning of the pandemic, used before-and-after descriptive approaches

[87,88] or regression modeling and changepoint analysis [89]. The DiD design used herein

aimed to account for co-occurring factors that may also affect the trajectory of N/PMMoV

concentrations, such as changing SARS-CoV-2 variants, by using a nearby sewershed as a

comparison group. We further considered both policy restrictions and policy relaxations dur-

ing a period when COVID-19 vaccines were widely available. Previous studies that empirically

assessed the impact of NPIs on health-related outcomes generally only focused on restrictions

and were most commonly conducted at the start of the pandemic when economies were not

fully opened and vaccines were not available. It is not only important to evaluate the imple-

mentation of policies but also whether policies are eventually relaxed appropriately, especially

because early or rapid relaxation of NPIs may lessen the anticipated benefits of vaccine rollout

efforts [90–94]. The quasi-experimental approach demonstrated herein could be useful in

other epidemic situations triggering policy interventions, provided the pathogen is shed in

human excretions that contribute to wastewater and there exists a reasonable comparison sew-

ershed for the DiD design (e.g., a sewershed in a different state that did not roll out a given

intervention).

Causal effects of COVID-19 public health policies are inherently challenging to study given

the inability to conduct randomized controlled experiments and concurrence of policy and

non-policy events [95]. Policymakers often need to make decisions despite having robust evi-

dence. Quasi-experiments, which are growing in recognition in the health sciences, are a prac-

tical alternative to randomized controlled experiments that can still generate causal evidence

[34]. In the DiD quasi-experimental design used herein, RWQCP represents a reasonable
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comparison group for CR2C because both sewersheds are in the same geographic area and

policies implemented by Stanford University were only applicable to the CR2C population.

We also implemented the DiD analysis using wastewater data from another, similar compari-

son sewershed because wastewater monitoring data from CR2C and RWQCP are not truly

independent—although CR2C comprises only a very small proportion of RWQCP. Using

wastewater data from the San José-Santa Clara Regional Wastewater Facility [96], which also

services portions of Santa Clara County, as a comparison sewershed generated similar results

as provided in Table 3 (Table B in the S1 Text). Similar findings using a different comparison

group further strengthens the credibility of our DiD design and affirms the plausibility of the

parallel trends assumption [97]. Still, uncertainties regarding wastewater monitoring data

affect interpretation of data from any sewershed. Limited knowledge exists about SARS-CoV-

2 RNA fecal shedding quantity and duration, especially differences in fecal shedding patterns

among demographic groups and vaccination statuses [64]. Studies suggest that SARS-CoV-2

RNA shedding quantity and duration in human excretions that contribute to wastewater dif-

fers among SARS-CoV-2 variants, which may affect the interpretation of wastewater monitor-

ing data over time [76–79]. Wastewater monitoring data can also exhibit high day-to-day

variability; potential mechanisms for this variability remain yet to be systematically understood

but could be due to heterogeneity of the wastestream [98]. Future studies using longitudinal

wastewater monitoring data for causal inference may consider analyzing changes in a com-

puted outcome variable, such as a wastewater-based estimation of the effective reproductive

number [54] or wastewater-based measure of trend [99], rather than changes in raw wastewa-

ter concentrations. Ultimately, the performance of such computed outcomes still depends on

understanding the raw wastewater concentration data that are used to generate computed out-

comes. Continued work investigating sources of uncertainty and variability in wastewater

monitoring data—and particularly the effect size of these sources—is necessary for better

interpretation of these data for public health use cases [100,101].

4. Conclusions

We assessed the correlation between wastewater concentrations of SARS-CoV-2 RNA and

incident, reported COVID-19 cases at a university and evaluated changes to this correlation

over time. Consistent with other studies, we provide evidence that the correlation between

wastewater SARS-CoV-2 RNA concentrations and incident COVID-19 cases has changed

over time. We further investigated the use of longitudinal wastewater monitoring data for pol-

icy impact evaluation. Using a DiD approach, we observed that most campus COVID-19 pub-

lic health policy changes were not associated with a significant change in wastewater

SARS-CoV-2 RNA concentrations on campus. The quasi-experimental design presented

herein demonstrates how longitudinal wastewater monitoring of viruses at a small geographic

scale may be used for causal inference when randomized controlled experiments are not possi-

ble to conduct.
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