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ABSTRACT: The COVID-19 pandemic and the detection of
SARS-CoV-2 RNA in sewage has expanded global interest in
wastewater surveillance. However, many underserved communities
throughout the world lack improved sanitation and use informal
combined sanitary and storm sewer systems. Sewage is transported
via open channels, ditches, and rivers, where it mixes with surface
water and/or stormwater. There is a need to develop better
methods for the surveillance of pathogens such as SARS-CoV-2
RNA in this context. We developed a simplified surveillance system
and monitored flow rates and concentrations of SARS-CoV-2 RNA
in the Tijuana River at two locations downstream of the United
States−Mexico border in California, United States. SARS-CoV-2
RNA was detected in the upstream location on six out of eight
occasions, two of which were at concentrations as high as those reported in untreated wastewater from California sanitary sewer
systems. The virus was not detected in any of the eight samples collected at the downstream (estuarine) sampling location, despite
the consistent detection of PMMoV RNA. Synchrony was observed between the number of cases reported in Tijuana and the SARS-
CoV-2 RNA concentrations measured with the CDC N1 assay when the latter were normalized by the reported flow rates in the
river.
KEYWORDS: combined sewer systems, RNA detection, COVID-19, sewage spill, aging infrastructure, SARS-CoV-2 RNA,
wastewater surveillance

■ INTRODUCTION
Wastewater-based epidemiology uses the analysis of waste-
water in the interest of public health to provide knowledge
about the measurable constituents excreted from the
correspondent population. The detection of SARS-CoV-2
RNA in untreated wastewater influent1−4 has led to the more
widespread use of wastewater surveillance and wastewater-
based epidemiology methods for predicting and mitigating
COVID-19 outbreaks.5−8 For example, the surveillance of
wastewater for SARS-CoV-2 RNA has been used to predict
community outbreaks and positive cases in university residence
halls like the University of Arizona, the University of
Connecticut, the University of Notre Dame, and Oregon
State University.9−13 In addition, other surveillance commun-
ities include hospitals,14 nursing homes,15 and urban centers
with sanitary sewer collection systems, and wastewater
surveillance has even been used to detect positive COVID-
19 cases in airplanes.16

In many urban areas, wastewater is conveyed to treatment
facilities by centralized sanitary sewer infrastructure. Although
separate sewer systems were implemented in cities in the
United States (U.S.) in recent decades, millions of people in
more than 770 U.S. cities and billions of people in other cities

around the world still primarily utilize combined sewer systems
(CSS),17 which transport sewage during dry weather and a
combination of sewage and stormwater to treatment plants
during wet weather. Globally, many communities lack closed
pipe collection and conveyance systems, so wastewater may be
conveyed away from homes, institutions, and businesses via
lateral sewer lines. Those lines may empty into open channels,
creeks, or other open conveyance systems, which are mainly
dominated by wastewater during dry weather but comprise
both wastewater and stormwater during wet weather. These
open conveyance systems are often found in low-income urban
communities, which means that the residents of these
communities do not benefit as much from the wastewater
surveillance programs that have been implemented globally at
wastewater treatment facilities with closed-pipe sewage
conveyance systems.

Special Issue: Wastewater Surveillance and Commun-
ity Pathogen Detection

Received: February 1, 2022
Revised: April 11, 2022
Accepted: April 11, 2022
Published: April 26, 2022

Articlepubs.acs.org/estwater

© 2022 The Authors. Published by
American Chemical Society

2134
https://doi.org/10.1021/acsestwater.2c00062

ACS EST Water 2022, 2, 2134−2143

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alma+Y.+Rocha"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+E.+Verbyla"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karilyn+E.+Sant"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Natalie+Mladenov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsestwater.2c00062&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.2c00062?ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.2c00062?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.2c00062?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.2c00062?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.2c00062?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aewcaa/2/11?ref=pdf
https://pubs.acs.org/toc/aewcaa/2/11?ref=pdf
https://pubs.acs.org/toc/aewcaa/2/11?ref=pdf
https://pubs.acs.org/toc/aewcaa/2/11?ref=pdf
https://pubs.acs.org/toc/aewcaa/2/11?ref=pdf
https://pubs.acs.org/toc/aewcaa/2/11?ref=pdf
https://pubs.acs.org/toc/aewcaa/2/11?ref=pdf
pubs.acs.org/estwater?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsestwater.2c00062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/estwater?ref=pdf
https://pubs.acs.org/estwater?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


Many neighborhoods within the city of Tijuana, Mexico fall
under the latter category of wastewater conveyance systems,
with creeks (arroyos) serving as collectors for large amounts of
sewage, sediment, and trash. The creeks and channels
ultimately drain into the Tijuana River, which acts as an
open conveyance system, where sewage from households not
connected to the centralized treatment system mixes with
stormwater and other surface waters. The Tijuana River flows
northwest across the United States−Mexico border into San
Diego County and empties into the Pacific Ocean near the city
of Imperial Beach, CA (Figure 1). Flow from the Tijuana River
is normally intercepted by the Comisioń Internacional de
Liḿites y Aguas (International Boundary and Water
Commission) Pump Station (PBCILA), and a portion of
that flow is treated at the South Bay International Wastewater
Treatment Plant. During high-volume storm events and when
the pumps are clogged or out of order, the pump station is
bypassed and flow reaches Imperial Beach.
In cities like Tijuana, the surveillance of contaminated

surface waters might provide opportunities for predicting
diseases such as COVID-19. However, wastewater surveillance
methods appropriate for these settings have not been well
developed or studied. The detection of SARS-CoV-2 RNA in
surface waters may be more challenging than its detection in
sewage. For example, river water was sampled in Japan from
April to May 2020 after the peak of the COVID-19 outbreak in
this region, but SARS-CoV-2 RNA was not detected in any
samples.18 In a study of three rivers in Italy during April 2020,
the presence of SARS-CoV-2 RNA was detected but virus
concentrations were not quantified.4 SARS-CoV-2 RNA in
river samples receiving discharge of untreated wastewater
during June 2020 in Ecuador,19 October 2020 through January
2021 in Mexico,20 July 2020 through February 2021 in
Nepal,21 and December 2020 in Serbia22 were detected and
quantified, but these studies generally relied on discrete or one-
time sample collection, have river water samples receiving
secondary treated wastewater effluent23 (as opposed to raw
sewage), and did not make inference about trends in
concentrations. As such, more needs to be discovered about
the temporal trends and relationships with community
infectivity for wastewater-impaired surface waters and open
channel sewage conveyance systems.

Documented cross-border flow events and heavy stormwater
flows in combination with its conveyance structure make the
Tijuana River an ideal model system to study SARS-CoV-2
RNA surveillance in this setting. The goals of this study were
(1) to evaluate concentrations of SARS-CoV-2 RNA in water
samples from the Tijuana River, (2) to compare SARS-CoV-2
RNA concentrations with the concentrations of general and
host-associated fecal indicators, such as enterococci, E. coli, and
pepper mild mottle virus (PMMoV) RNA, and (3) to propose
a simplified surveillance model that shows the relationship of
SARS-CoV-2 RNA concentrations to transboundary flow data
and the number of COVID-19 cases originating in Tijuana,
Mexico.

■ MATERIALS AND METHODS
Sampling. Surface water samples were collected from two

sites during eight different dates between July 2020 and May
2021 (Figure 1). At the first site, which is identified as Radio
Club (32°54′85.2″N, −117°06′44.8W″) due to its proximity
to the “Chula Vista Model and Radio Control Club”, the
Tijuana River flows through a floodplain that regularly receives
transboundary flows. The second location, commonly known
as Boca Rio (32°55′73.2″N, −117°12′61.4″W) (Spanish for
“river mouth”), is an estuary with major tidal influence and
saltwater intrusion. The dry season in southern California
extends from May to September, while the wet season is from
October to April when a few significant storms occur.24 For
this study, samples were collected during both dry and wet
seasons, and all samples were collected under dry weather
conditions. Samples from 10 November 2020, 30 December
2020, 27 January 2021, 14 March 2021, and 5 May 2021 were
intentionally collected 72 h after rainfall ended due to site
access and safety limitations that occur during wet weather.
Samples were collected using a telescopic dipper sampler

equipped with a 1 L sampling container, which was rinsed 3
times with river water prior to sample collection. Triplicate
measurements were taken in the field using a portable Oakton
450 meter for pH, conductivity, and total dissolved solids
(TDS) and a YSI Pro Solo meter for dissolved oxygen (DO).
Samples were transported immediately (within ∼2 h) to San
Diego State University (SDSU) laboratories for subsequent

Figure 1. (a) Map of the San Diego�Tijuana border region generated using the UC Irvine FloodRISE flood hazard visualization interactive viewer
with black regions corresponding to the Tijuana River under normal flow conditions and colored regions showing flood depths that correspond to a
1% annual exceedance probability. Yellow markers show sampling points (Radio Club and Boca Rio), and additional markers show the South Bay
Water Reclamation Plant (SBWRP), Comisioń Internacional de Liḿites y Aguas (International Boundary and Water Commission) Pump Station
(PBCILA).
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analyses. Turbidity was measured in triplicate upon arrival with
a HACH TL2300 turbidity meter. Aliquots of 45 mL were
acidified to pH 2 and stored in precombusted amber vials at 4
°C for later analysis of chemical oxygen demand (COD),
dissolved organic carbon (DOC), and total dissolved nitrogen
(TDN). Remaining sample volumes were immediately used for
bacterial and viral analyses.
Chemical Analyses. Aliquots (2 mL) of preserved sample

were analyzed for COD using the Hach COD TNT+ HR
protocol. The remaining volume from the aliquot was filtered
through a precombusted 0.7 μm glass-fiber filter for
preparation of simultaneous DOC and TDN measurements
using the Shimadzu TOC analyzer.
Bacterial Analyses. For total coliforms, E. coli, and

enterococcus measurements of unfiltered water samples, the
IDEXX Colilert-18 and Enterolert methods were used,
following the manufacturer’s recommended protocols. All
trays were sealed within 6 h of sample collection; then, the
trays were immediately placed in an incubator at 35 ± 0.5 °C
for 18 h (for Colilert-18) and at 41 ± 0.5 °C for 24 h (for
Enterolert). Using the IDEXX most probable number (MPN)
computer generator, the counts of positive wells were
converted to a final bacteria concentration for total coliforms,
E. coli, and enterococcus. In cases where multiple dilutions
were used, the best dilution was defined as one that was neither
below the limit of detection nor saturated.
Virus Analysis. Viruses were concentrated from samples

using the adsorption-extraction method as described pre-
viously.16,25,26 Briefly, 2.5 M MgCl2 was added to samples at a
ratio of 1:100 to achieve a final concentration of 25 mM.
Depending on the turbidity, samples were filtered until the drip
rate reached 2 drips per minute through a 0.45 μm pore size
membrane (HAWP type, Millipore), which was also pretreated
with 10 mL of 25 mM MgCl2. Effective volumes filtered for
each sample (summarized in Table S3) ranged from 198 to
495 mL at Boca Rio and from 40 to 99 mL at Radio Club. As
described below, 2 μL of template RNA was used for RT-
qPCR; therefore, the equivalent volumes analyzed range from
approximately 8 to 20 mL for Boca Rio and from 1.6 to 4 mL
for Radio Club. Nucleic acid extraction was performed on each
filter using the Qiagen PowerViral kit following the
manufacturer’s recommended instructions. The DNA/RNA
was eluted with 50 μL of RNase-free water and frozen
immediately at −80 °C until RT-qPCR analysis within the
same week.
For samples collected on 31 July 2020, acidification to pH 4

was also performed in addition to MgCl2 pretreatment
following suggestions from the adsorption-extraction meth-
od.16,25,26 Subsequent samples were not acidified due to the
potential destruction of SARS-CoV-2 RNA integrity.26 Internal
split-sample tests revealed no difference between virus
concentrations with acidification or without acidification as
long as MgCl2 was added. This method of concentrating
SARS-CoV-2 RNA is consistent with a previous study that
reported a recovery efficiency of 65.7%.26

In an attempt to filter more volume and prevent clogging
due to suspended solids, samples collected on 28 August 2020
were prefiltered using an 8 μm membrane. For these samples,
viral RNA was quantified on both the 8 μm membrane and the
0.45 μm membrane; however, it was discovered that up to 50%
of PMMoV RNA was retained on the 8 μm membrane.
Therefore, prefiltration was not used for subsequent samples.

SARS-CoV-2 RNA and PMMoV RNA were quantified from
the RNA that was extracted and purified from all samples. The
United States Centers of Disease Control and Prevention
(CDC) primers and probes for the N1 and N2 targets were
used for the detection of SARS-CoV-2 RNA. PMMoV RNA
was quantified using a previously published assay.27 Samples
for this study were collected between July 2020 and May 2021,
and while there were several variants of SARS-CoV-2 that
circulated in Mexico and the United States between those
dates, mutations affecting the target regions of the U.S. CDC’s
RT-qPCR assays for variants prior to October 2021 were
extremely rare.28

2019-CoV plasmids and customized gBlocks (gene frag-
ments) containing the appropriate amplicons (Integrated DNA
Technologies) were used as positive controls (standards) for
SARS-CoV-2 RNA and PMMoV RNA, respectively. For
quality control and avoidance of freeze/thaw cycling, which
negatively affects RNA integrity, the 2019-CoV plasmids and
gBlocks were aliquoted into 10 μL portions, and any unused
thawed standards were disposed of. Starting with the highest
working concentration of standards, serial dilutions were
analyzed for each run in duplicate. The limit of detection
(LOD) for each assay was calculated using a probabilistic
approach with the exponential survival model as described
previously.29

RT-qPCR was carried out manually using the TaqMan Fast
Virus 1-Step Master Mix (Applied Biosystems, 4444432) via
QuantStudio 3 (Applied Biosystems, A28137). For the
detection of SARS-CoV-2 RNA, each well of the MicroAmp
Optical 96-Well Reaction Plate (Applied Biosystems,
4326659) contained 20 μL of reaction mixture with 2 μL of
template RNA, 1X master mix, 500 nM primers, and 125 nM
probes. For the detection of PMMoV RNA, each reaction well
contained 2 μL of template RNA, 1X master mix, 400 nM
primers, and 200 nM probes.27 Nuclease-free water was added
to bring the total reaction volumes up to 20 μL. Samples were
analyzed in duplicate. Negative (no template) controls for each
assay were analyzed for each PCR run. A process blank was
analyzed alongside a random batch of samples and was
negative for N1, N2, and PMMoV assays. Inhibition was
checked using 1:10 dilution of template RNA for each sample.
Additional information regarding qPCR validation and data
analysis can be found in the Supporting Information.
SARS-CoV-2 RNA Simplified Surveillance Model.

Equation 1 shows a theoretical model of the concentration
of SARS-CoV-2 RNA (Ci) expected at the Radio Club site
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where D is the assumed duration of shedding, L is the assumed
lag time between the date of the clinical test and the initial date
that SARS-CoV-2 RNA is shed in sewage by an infected
person, Qi is the flow rate in the Tijuana River at the United
States−Mexico border, as reported by the California State
Water Board via the International Boundary and Water
Commission (IBWC), nk is the daily number of clinically
confirmed cases reported by the Baja California government
database for the city of Tijuana, f t is the fraction of infected
individuals within the Tijuana population for whom the
infection was actually recorded by the official Baja California
government count), fs is the fraction of COVID-19 positive
cases that shed SARS-CoV-2 RNA in the feces, rs is the
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shedding rate for SARS-CoV-2 RNA for infected shedders
(copies/day shed in feces), fsan is the fraction of the Tijuana
population in the watersheds/sewersheds who lack improved
sanitation (i.e., whose fecal waste is conveyed to the Tijuana
River without any treatment), kd is the rate of decay of SARS-
CoV-2 RNA in the river prior to reaching the sample site (e.g.,
Radio Club), and t is the travel time from the point of
excretion to the sample collection point.
Because infected individuals shed for an extended period,

the number of shedding cases in a region will “accumulate”
over time until the virus is cleared from the person’s system.
The total number of accumulating shedding cases for a given
day was estimated based on an assumed shedding duration of
D = 22 days with a lag time of L = 5 days between clinical
confirmation and the start of shedding.30 Viral shedding
decreases over the course of the infection;30 however, to keep
the model simple, it was assumed to be constant for a duration
of 22 days. The fraction f t is unknown but is assumed to be
constant for the population in the Tijuana River watershed
within the time period of this study. Likewise, fsan is assumed to
be approximately constant since the fraction of the population
without connections to the sewage treatment plant would not
have changed within the time frame of this study. Also, it is
assumed that the population with improved sanitation has
similar rates of COVID-19 infection as the population without
access to improved sanitation. There are sanitary sewer
overflow events in Tijuana that last for short periods of time
during rain events, and a fraction of the fecal waste that
normally reaches one of the city’s treatment plants may end up
being discharged into the Tijuana River. For this study, it was
assumed that the additional SARS-CoV-2 RNA loading to the

Tijuana River due to these SSO events would be negligible
compared to the much larger loadings to the Tijuana River
from households that lack connections to the sewage treatment
plant.
The first-order decay rate of SARS-CoV-2 RNA in

wastewater has been estimated to be approximately 0.183
day−1 at 25 °C,1 and it has been reported that cultivable SARS-
CoV-2 RNA persisted in river water with a T90 value of 1.9
days at 24 °C.31 This decay rate is faster than the median decay
rates reported for the RNA gene targets (measured via RT-
qPCR) of nonenveloped waterborne viral pathogens (e.g.,
rotavirus, enterovirus, astrovirus, norovirus) in surface waters
under similar conditions.32,33 SARS-CoV-2 RNA also decays
more rapidly than PMMoV RNA in river water and seawater at
20 °C.34 This is consistent with previous studies that have
shown that RNA from enveloped viruses degrades faster in
aquatic environments than the RNA from nonenveloped
viruses due to the sensitivity in its thin lipid bilayer enclosing
the protein capsid.35 For our proposed model, the fraction of
viral RNA that decays (e−kd t) was assumed to be relatively
constant as most samples had measurable flow rates (indicating
cross-boundary flow) at the Tijuana River International
Boundary (Table S2). The exceptions to this (collected
under stagnant conditions) occurred on 28 August 2020 and 5
May 2020, when decay could have been greater, potentially
leading to lower concentrations at the sample location.
Data reported by the IBWC from transboundary spill event

volumes associated with the Tijuana River Main Channel,
Stewart’s Drain, and Canyon del Sol (which are all located
upstream from the sample collection point (Figure 1) were
retrieved from the State of California San Diego Regional

Table 1. Log10-Transformed Concentrations of Total Coliforms (TC), E. coli, Enterococci, PMMoV RNA, and SARS-CoV-2
RNA at the Boca Rio and Radio Club Sampling Sites and in Wastewater from California Wastewater Treatment Plants

sample
collection date

total coliforms
(log-MPN/100 mL)

E. coli
(log-MPN/100 mL)

enterococci
(log-MPN/100 mL)

SARS-CoV-2 RNA using
nCoV-N1 assay
(log-copies/L)

SARS-CoV-2 RNA using
nCoV-N2 assay
(log-copies/L)

PMMoV RNA
(log-copies/L)

Radio Club
31 Jul 2020 7.9 7.1 5.9 3.0 3.1 6.0
6 Aug 2020 7.5 7.0 4.7 3.9 3.5 7.5
28 Aug 2020 4.4 <2.0 2.6 <2.7 <2.7 7.0
10 Nov 2020 7.4 7.2 4.5 4.3 3.8 7.2
30 Dec 2020 >7.4 7.2 5.9 4.2 3.3 7.0
27 Jan 2021 7.1 6.3 5.7 3.6 <2.7 6.2
14 Mar 2021 >7.4 >7.4 >7.4 2.8 3.0 6.5
5 May 2021 5.6 3.4 4.2 <2.7 <2.7 6.8
mean (SD)d 6.8 (1.2) 5.7 (2.4) 5.1 (1.4) 3.3 (0.8) 3.0 (0.6) 6.8 (0.5)

Boca Rio
31 Jul 2020 3.0 2.2 2.0 <2.7 <2.7 3.2
6 Aug 2020 3.4 2.0 <2.0 <2.7 <2.7 6.1
28 Aug 2020 3.5 2.4 >3.4 <2.7 <2.7 4.8
10 Nov 2020 6.7 5.5 3.3 <2.7 <2.7 5.5
30 Dec 2020 5.4 4.2 3.4 <2.7 <2.7 4.3
27 Jan 2021 5.5 4.6 4.0 <2.7 <2.7 3.8
14 Mar 2021 4.8 4.0 3.0 <2.7 <2.7 3.7
5 May 2021 2.3 <2.0 <2.0 <2.7 <2.7 5.3
mean (SD)d 4.3 (1.5) 3.2 (1.5) 2.7 (1.0) <2.7 <2.7 4.6 (1.0)

Raw Sewage
7.3a 6.5a 3.4−7.2b 9.2−10.3c

aGeometric mean concentrations listed from untreated wastewater collected from the San Elijo Water Reclamation Facility in Cardiff, CA.43
bRange of SARS-CoV-2 RNA concentrations (using mean Cq values from N1 and N2 assays) detected in raw sewage between 18 February and 1
June 2020 in California.44 cRange of PMMoV RNA concentrations detected in raw sewage obtained from United States wastewater treatment
facilities.45 dMaximum likelihood method was used to calculate summary statistics for censored data.46
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Water Quality Control Board (see Supporting Information).
The volumes and date ranges were converted to flow rates
(liters per day) using dimensional analysis. A flow rate of zero
was assumed between the reported cross-border flow events. If
more than one cross-border flow event was reported for the
same day, the flow rates for all events for that date were
summed.
Daily COVID-19 cases originating from Tijuana, Mexico

were obtained from the Baja California Secretariat of Health.36

Relative to the SARS-CoV-2 RNA concentrations in the
Tijuana River, the number of accumulating COVID-19 cases,
the flow rate in the river, and all other variables from eq 1 were
assumed to be relatively constant and are represented by B in
eqs 2 and 3.
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Thus, the measured concentrations should be approximately
proportional to the ratio of accumulating COVID-19 shedding
cases divided by the flow rate of the Tijuana River as shown in
eq 4.
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■ RESULTS AND DISCUSSION
Viral Persistence at Upstream and Downstream

Sampling Sites. During the study period, a total of 80 dry-
weather transboundary spill reports were recorded. These
transboundary flows represented 12 billion liters of combined
waters including treated and untreated sewage, groundwater,
runoff, and stormwater that discharge into the Tijuana River.37

As stated previously, flow from the Tijuana River is normally
intercepted by the PBCILA Pump Station, but sewage-laden
flows enter the United States due to pump failure, intentional
shutoff during wet weather, or overloading of the pump station.
Sewage runoff also drains into the Tijuana River from two
canyon collectors, Stewart’s Drain and Canyon del Sol, located
upstream of the sample sites. The high sewage load in the
Tijuana River is evidenced by the high concentrations of fecal
indicator bacteria (FIB), total coliforms, E. coli, and enter-
ococci as well as pathogenic bacteria and viruses.38−40

In our study, total coliforms and either E. coli or enterococci
were found at high concentrations in all samples at both the
upstream Radio Club site and the downstream Boca Rio site,
except for on the last sampling date, 5 May 2021, for which E.
coli and enterococci concentrations were both below detection
limits at Boca Rio (Table 1). On all dates, FIB concentrations
were significantly higher at the upstream Radio Club site than
those at the Boca Rio site; however, the range of
concentrations at Boca Rio were still well above San Diego
Water Quality Control Board benchmarks of 400 MPN/100
mL and 104 MPN/100 mL for E. coli and enterococci,
respectively, during wet and dry weather.41 The concentrations
of E. coli at the Radio Club site ranged from <100 MPN/100
mL to as high as 1.0 × 106 MPN/100 mL and were sometimes
similar to concentrations measured in raw wastewater in the

region, which on average is 2.2 × 107 MPN/100 mL.42 The
lower FIB concentrations at Boca Rio may be due to dilution
of riverine water by flood tide flows and the mixing of seawater
in the tidal zone at the river mouth. Electrical conductivity and
TDS concentrations (Table S1) at the Boca Rio site, which are
orders of magnitude higher than those at the Radio Club site
and similar to values found in seawater, are evidence of the
tidal influence at this site. In addition, Boca Rio is located 6.4
km downstream of Radio Club, and the Tijuana River National
Estuarine Research Reserve lies between the two sites;
therefore, the lower FIB concentrations at Boca Rio may also
reflect the influence of environmental decay due to sunlight
exposure, natural decay, and other removal mechanisms (e.g.,
sorption, sedimentation, or straining) underway in the estuary.
PMMoV RNA, which is associated with human fecal

contamination, was detected in samples from the Radio Club
site at concentrations normally found in untreated waste-
water.45 PMMoV RNA concentrations at the Boca Rio site
were lower than those at the Radio Club site, but the difference
was not statistically significant (p = 0.055, n = 8; using a paired
one-tailed t test). These results support the high environmental
persistence of PMMoV RNA, which has been demonstrated in
other studies.47,48 In our study, the high PMMoV RNA
concentrations observed at the downstream Boca Rio site,
where there is also mixing with seawater, provide evidence of
the influence of untreated wastewater in this estuarine
environment.
SARS-CoV-2 RNA was detected in six out of eight samples

at the Radio Club site with the N1 assay, the N2 assay, or both
assays (Table 1). Moreover, the SARS-CoV-2 RNA concen-
trations were as high as concentrations detected during the
pandemic in untreated sewage from several counties in
California with sanitary sewer systems.44 These results support
the known wastewater dominance of Tijuana River cross-
border flows, which has been reported in other studies.38−40 By
contrast, SARS-CoV-2 RNA concentrations at the Boca Rio
site were below detection limits, despite having evidence of
sewage contamination from the high PMMoV RNA concen-
trations (average of 105 copies/L) and moderate FIB
concentrations (average of 105 MPN/100 mL) (Table 1).
Therefore, based on detection of RNA, SARS-CoV-2 appears
to be less resistant to biological and photochemical
degradation than PMMoV.
The travel time of wastewater and the resulting decay of the

SARS-CoV-2 RNA signal from source areas in Tijuana to the
point of surface water surveillance (i.e., the Radio Club site)
are potentially important for understanding the persistence of
SARS-CoV-2 RNA in sewage-dominated surface water. There
are many distributed sources of wastewater to the Tijuana
River, including drains and creeks that transport urban runoff,
wastewater, and other water types. However, dry weather flows
at the United States−Mexico border occurred for 13 weeks
during the boreal summer from 20 June 2020 to 22 September
2020 (Figure 2a). During this period, the PBCILA pump
station was not operating due to clogging or pump shutdown
when flows exceeded 1000 L/s49 (3600 m3/h). The recurring
peaks in daily flow provided a way to estimate average
wastewater travel times to the U.S. border (which is close to
the Radio Club surveillance site). Dry weather flows during
this period showed consistent daily peaks in the hydrograph
due to the daily “wave” of wastewater derived from the City of
Tijuana (Figure 2b). By subtracting the baseflow, super-
imposing hourly flows for each day during this dry weather
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flow period (Figure 2c), and calculating median flows for each
hour (Figure 2d), we determined that the time period between
the hours of 20:00 and 02:00 was when the top 50% of median
hourly flow occurred at the IBWC gage at the United States−
Mexico border (Figure 2).
The travel time of this daily “wave” of wastewater-dominated

flow that arrived at the Tijuana River International Boundary
can be estimated using knowledge about household peak water
use and discharge in Tijuana. Peak water demand in
households was estimated to occur between the hours of

8:00 and 10:00 on weekdays, based on an analysis of major
cities in Mexico, including Tijuana.50 Discharge from the
households can be assumed to occur shortly thereafter.
Therefore, based on the difference between hours of sewage
discharge and median time of arrival of the wastewater “wave”
at the border, the travel time of wastewater along the Tijuana
River is estimated to range from 6 to 14 h with a mean time of
10 h. This estimate would not apply to wet weather conditions
when faster river velocities in the mostly concrete trapezoidal
channel would result in faster travel times. Nevertheless, this
range of travel times is shorter than the T90 value of 1.9 days at
24 °C reported in ref 31 for cultivable SARS-CoV-2 RNA in
river water and much less than the T90 value of 12.6 days
reported for SARS-CoV-2 RNA in wastewater.1

These calculations indicate that during the dry weather flows
that happened on the 31 July 2020 and 6 August 2020
sampling visits, the genetic material of SARS-CoV-2 RNA was
still detected after an average travel time of approximately 10 h
under mainly sunlight-exposed, open channel conditions.
According to de Oliveira et al.,31 10 h of sunlight exposure
would have caused about a 56% reduction in SARS-CoV-2
RNA detection. Therefore, if the decay rate of the surface
water surveillance target is known and the travel time between
the population center and the point of surveillance can be
estimated, then eq 1 can be used to correct for the effect of
decay when making inferences about the number of cases
based on measured concentrations. It is also important to note
that the high turbidity encountered at the Radio Club site (>20
NTU on all sampling visits) may act to shield the virus from
sunlight and extend its persistence in water. Nevertheless,
SARS-CoV-2 RNA concentrations in the Tijuana River at
Radio Club were as high as concentrations detected during the
pandemic in untreated sewage from several counties in
California with sanitary sewer systems,44 which is, of itself,
relevant to management of pollution in this international river.

Figure 2. Daily time series of flow rates during (a) summer of 2020
and (b) a 10-day period highlighted to illustrate the regular evening
peaks in flow rate. (c) Hourly time series of deviation in flow rate
from the lowest daily flow and (d) median hourly flow rate calculated
for each day of the summer 2020 period at the Tijuana River
International Boundary.

Figure 3. Changes in (a) daily COVID-19 cases in Tijuana, Mexico and (b) case:flow ratio (filled gray circles) plotted alongside SARS-CoV-2 RNA
concentrations measured using the N1 marker (filled black squares) and LOD (filled black triangles) in the Tijuana River from July 2020 to May
2021. b uses log scale for both the accumulating case:flow rate ratio and SARS-CoV-2 RNA concentrations.
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Relationships between SARS-CoV-2 RNA in River
Water and Community Infection Rates. Figure 3a shows
SARS-CoV-2 RNA concentrations in the Radio Club samples
plotted with the time series of daily COVID-19 cases in
Tijuana, Mexico. Consistent with eq 4, SARS-CoV-2 RNA
concentrations in the Tijuana River at the Radio Club site were
found to be proportional to the ratio of accumulating COVID-
19 shedding cases to the IBWC transboundary flow data
(Figure 3b).
Overall, synchrony was observed between the case:flow ratio

and SARS-CoV-2 RNA concentrations measured using the N1
primer. It is plausible that eq 4 could be rearranged
mathematically to solve for nk to estimate trends in the case
count for the purposes of surveillance. The only data inputs
required would be the concentrations and flow rates in the
open channel or river. Assumptions about the lag time and
duration of fecal shedding for the pathogen of interest would
also be needed. The CDC51 indicated that a person who is
exposed to SARS-CoV-2 RNA may not display symptoms for
several days. Also, it is known that an infected person could
shed SARS-CoV-2 RNA through both respiratory and fecal
routes before displaying symptoms52−54 and well before the
date of their clinical test.30 The simplified model in eq 4
accounts for this lag time between clinical confirmation of a
case and the dates of fecal shedding. Due to Mexico’s
limitations to COVID-19 testing, there may have been an
underestimation of COVID-19 cases in Mexico.55 Therefore,
the timing of testing, the availability of testing, and an
individuals’ decision whether to get tested could all affect
variable f t which, as stated previously, was assumed to be
approximately constant relative to other parameters in the
model (eq 1).
There are important limitations of the simplified model,

especially when flow rates are very low or when the case count
is very low. When the prevalence of COVID (or any other
infection from a pathogen that is excreted) in a community is
high, the concentrations detected in samples (especially grab
samples) collected from downstream surveillance points will be
more consistent than they are when the prevalence is lower.
This effect is evidenced in a study of hourly concentrations of
adenovirus (a pathogen) compared to crAssphage (a
ubiquitous fecal indicator).56 crAssphage is excreted by most
of the population, but a much smaller percentage of the
population is likely to have adenovirus infections at any given
time. Similarly, when the case counts for a disease like COVID-
19 are very low, there will likely be more peaks and valleys in
the hourly concentrations, especially for a community with a
smaller population, meaning that it would be less likely to see
synchrony between the accumulating case count and the river
concentrations (as shown in Figure 3), especially when grab
samples are used. Nevertheless, communities in low-income
regions or developing country settings where wastewater from
some neighborhoods is discharged directly to surface waters
may lack the resources to purchase autosamplers and personnel
to program, deploy, and maintain such systems in the field
setting, and manual collection over 24 h periods may be
challenging in an urban setting. Therefore, our approach and
model, which accounts for flow variability, may further benefit
those communities where only grab sampling is possible.
Future research comparing concentrations in composite and
grab samples for surveillance in surface waters would help
provide a better understanding about the limitations associated
with the use of grab samples in this context.

Another limitation of the simplified model is that when the
flow rate is very low (since Q appears in the denominator of
the ratio shown in eq 4), the modeled ratios will be very high.
The travel times from households to the sample point will also
be longer under these conditions, so increased decay of the
target may result in decreased concentrations detected at the
sampling point. When flow rates were low in May 2021 (Figure
3b), SARS-CoV-2 RNA concentrations were below the LOD,
which was about 2000 copies/L for this sample (see Table S3
for equivalent volumes for each sample), but case load data
suggested that disease prevalence was increasing. The more
stagnant conditions on both 28 August 2020 and 5 May 2021,
when low or undetectable concentrations of FIB and SARS-
CoV-2 RNA were measured at both sites, likely increased
environmental exposure times and allowed for virus decay en
route to the sampling point. This limitation can potentially be
corrected for by incorporating the decay term from eq 1 into
eq 4.

■ CONCLUSIONS
Many cities throughout the world lack safely managed
sanitation, and there is a need for a surveillance approach
that can be used to monitor sewage-polluted surface waters in
these settings for diseases like COVID-19. Indeed, in Tijuana
only about 50% of households have sanitation systems that
safely dispose of and treat sewage.57 Furthermore, urban areas
in the United States and other countries utilize combined
storm and sanitary sewer systems, and wastewater surveillance
in these systems should correct for dilution factors when
stormwater flows increase. Our study of the temporal trends in
concentrations of SARS-CoV-2 RNA in the Tijuana River
during the height of the pandemic allowed us to develop
simplified surveillance model that can be used in other urban
settings without safely managed sanitation or with combined
sewer systems.
Our finding that SARS-CoV-2 RNA was present in the

Tijuana River at concentrations as high as have been found in
untreated wastewater is relevant for management of pollution
in this shared international waterway. Furthermore, based on
our simplified model, river concentrations were found to be
synchronous with the number of COVID-19 cases originating
from Tijuana, Mexico, after normalizing by accumulating
shedders and divided by measured flow rates in the river. The
methodology used here can be applied for billions of people
around the world who lack access to piped sanitary sewer
infrastructure as well as hundreds of communities in the world
with combined sewer systems. Taking into consideration both
the concentrations of human pathogens and the flow rates in
waterways can help estimate community infection rates in the
absence of or with limited clinical data. Therefore, this
information could be used to inform community members to
seek medical attention or encourage a government or agency
administration to increase resources and bring medical support
to certain areas.
To apply our surveillance model to other urban regions with

a lack of improved sanitation and polluted natural waters, it is
necessary to understand the temporal dynamics of sewage
inputs to the waterway, the climate and other environmental
factors that may impact flow rates and virus decay rates, and
the spatial variability in SARS-CoV-2 RNA concentrations in
the waterway to determine the appropriate sampling distance
for virus surveillance. Ultimately, larger sample sizes and the
use of clinically confirmed data is recommended to further
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refine the model and yield better predictive cases. While the
recommended parameters associated with viral shedding of
SARS-CoV-2 RNA would benefit from further work, the model
suggested in this paper provides a framework for conducting
surveillance in surface waters of urban areas with limited
sanitation coverage for current and future variants of SARS-
CoV-2 as well as other pathogens of interest.
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