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Abstract

Wastewater-Based Epidemiology (WBE) has emerged as a critical tool for monitoring
SARS-CoV-2 circulation at the community level. This study assessed spatiotemporal viral
dynamics in Las Heras, Mendoza, Argentina, by comparing wastewater samples from
six sewer maintenance holes and three wastewater treatment plants (WWTPs) between
January and June 2021, and by conducting long-term surveillance at Campo Espejo WWTP
during epidemic (2020–2021) and endemic (2024–2025) phases of COVID-19. Viral particles
from sewer manholes and WWTPs samples were concentrated by polyethylene glycol
precipitation or aluminum polychloride adsorption–precipitation methods, and then SARS-
CoV-2 RNA was quantified by reverse transcription quantitative polymerase chain reaction
targeting N1 and N2 nucleocapsid viral markers. Results showed consistent detection of
viral RNA across all sites, with peaks in wastewater preceding diagnosed COVID-19 cases
increases, confirming WBE as an early-warning system. Localized sewer sampling identi-
fied urban hotspots, while WWTPs monitoring captured broader epidemiological trends.
Recently, COVID-19 surveillance showed lower and intermittent viral loads, decoupled
from diagnosed cases, compared to epidemic phase, indicating a transition to endemic
circulation. Overall, combining upstream and downstream WBE enhanced spatial and
temporal resolution, demonstrating its utility for public health monitoring during both
epidemic and endemic phases.

Keywords: wastewater-based epidemiology; SARS-CoV-2 surveillance; public health
monitoring; spatiotemporal viral dynamics; hotspot detection; endemic SARS-CoV-2

1. Introduction
Wastewater-Based Epidemiology (WBE), also referred as sewage-based or wastewater

surveillance, has rapidly evolved into a multidisciplinary approach for assessing com-
munity health, environmental exposures, and lifestyle patterns [1,2]. The central concept
underlying WBE is that many endogenous biomarkers, microorganisms, pharmaceuticals
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or xenobiotics associated with human health, personal care or life style can be metabo-
lized or directly excreted in human urine or feces [3,4]. These excreted products, carried
through the sewer network, can thus reflect the overall health and habits of the contributing
population [5].

WBE offers an indirect and non-invasive tool of monitoring population health, pro-
viding real-time data across geographic and temporal scales that can support informed
decision-making and more efficient resource allocation [6,7]. The COVID-19 pandemic
brought WBE to the forefront as a critical tool for public health surveillance. Monitoring
wastewater for SARS-CoV-2 identification enabled the detection of outbreaks and emerging
viral variants and lineages [8,9]. A key advantage of this approach is that SARS-CoV-2
RNA can often be detected in wastewater several days before reported diagnosed cases are
confirmed [10], serving as a sensitive early-warning system [11–16]. Furthermore, WBE
gives epidemiological information at the population level that helps to understand viral
transmission dynamics, including asymptomatic or untested cases [6], with a lower cost of
clinical surveillance.

The WBE strategy can be implemented at different spatial scales. Monitoring at
wastewater treatment plants (WWTPs) provides a broad, population-wide overview,
whereas more localized surveillance, conducted at sub-sewer catchments and mainte-
nance holes, provides a higher spatial resolution and allows for the identification of local
infection clusters [17]. Sampling from sewer maintenance holes facilitates the detection
of “hotspots” within urban areas and shows a consistent alignment between wastewater
viral loads and reported diagnosed cases. Nonetheless, several studies have demonstrated
a strong concordance between clinical data and viral loads measured at the WWTP level,
sometimes even stronger than those obtained from upstream sewersheds [18].

Argentina has a population of over 45 million people. This country is organized into
23 geopolitical provinces distributed across an extensive territory, with varying levels of
access to sanitation systems. While some places have flush toilets connected to public
sewerage networks, others rely on septic tanks. During the SARS-CoV-2 pandemic, Ar-
gentina established different epidemiological surveillance strategies in the six provinces
with the highest population density, namely Buenos Aires, Córdoba, Santa Fe, Mendoza,
Tucumán, and Salta. These provinces applied several mixed-scale approaches, including
combined surveillance from WWTPs and sewersheds in Córdoba and Buenos Aires [19,20];
sewershed-based sampling in Salta and Tucumán [21,22]; WWTP-focused monitoring in
Mendoza, Santa Fe and Córdoba [23–25]; and surface water contaminated with wastewater
in Buenos Aires [26]. All of these studies showed high effectiveness for epidemiological
surveillance, independently of the strategies and methodologies applied [19–26].

We implemented WBE to monitor SARS-CoV-2 RNA in the metropolitan region of
Mendoza, Argentina, an area serving approximately 1.2 million residents, between July
2020 and January 2021 [23]. Our findings demonstrated that WBE is a reliable epidemi-
ological indicator for tracking SARS-CoV-2 circulation and anticipating the trajectory of
the epidemic through wastewater analysis from WWTP. Over 26 weeks of monitoring,
the detection and increases in the number of copies of SARS-CoV-2 nucleocapsid genetic
markers in wastewater consistently preceded rises in clinically confirmed COVID-19 cases
by 3 to 6 days [23]. Likewise, the copies of the SARS-CoV-2 molecular markers follow
similar patterns to the increase, plateau, and decrease in the number of people with a
confirmed COVID-19 diagnosis and the number of reported deaths. However, to date there
is no other epidemiological surveillance study in Mendoza that provides viral circulation
information at smaller scales using the sewer system, and its comparison with WWTPs. The
implementation of this focalized strategy could be useful in places when herd community

https://doi.org/10.3390/covid6020031

https://doi.org/10.3390/covid6020031


COVID 2026, 6, 31 3 of 16

immunity is difficult to achieve due to cultural practices and traditions or even access to
high-complexity hospitals is limited.

This work is focused on the unknown aspects of WBE application in Mendoza. Specif-
ically, the main objectives were (a) to compare the SARS-CoV-2 viral load at Campo Espejo
WWTP and at specific points of the sewer maintenance holes that feeds it, and represents
geographically well-defined populations during the second COVID-19 epidemic wave;
(b) to assess the viral load in Uspallata, a crucial Andean border town where numerous
Latin-American truck drivers wait for the opening of the Los Libertadores International
Crossing, particularly during winter; and (c) to evaluate temporal changes in viral load
during the initial epidemic waves (July 2020–January 2021) and the endemic phase of
COVID-19 (April 2024 to September 2025) in Mendoza.

2. Materials and Methods
2.1. Wastewater Sampling

The province of Mendoza is located in central-west Argentina. Within its jurisdiction,
the department of Las Heras stand out, housing approximately 200,000 inhabitants. The
municipality has a high percentage of homes connected to the sewer system, which is
important because sewage effluent samples are highly representative of processes occurring
at homes.

The wastewater surveillance strategy was implemented through strategic punctual
sampling, designed to capture the municipality’s geographic and demographic diversity.
This sampling approach focused in (a) six strategic sewer points from the sewage network of
the metropolitan region (Supplementary Figure S1), which reflect areas of high population
density, (b) two small local WWTPs, called El Algarrobal and Uspallata, which serve
localized populations, and (c) a regional WWTP named Campo Espejo, that receives
influents not only from Las Heras but also from the neighboring municipalities of Mendoza
City and Godoy Cruz (together serving an estimated population of 470,000 inhabitants).
The WWTPs are identified in Supplementary Figure S2.

The samples from different manholes points of Las Heras were manually collected
between 11:00 AM and 1:00 PM, from 1 January to 17 June 2021, coinciding with the
second wave of COVID-19 infections occurred in Mendoza. In addition, SARS-CoV-2
viral loads were compared between the epidemic phase (2020–2021) and the endemic
period (2024–2025). At Campo Espejo WWTP, composite samples were collected using
an automatic flow-proportional sampler (Sigma SD900, Hach Company, Loveland, CO,
USA). The autosampler was programmed to collect 1 L of influent every 60 min over a
24 h period.

To determine community circulation of SARS-CoV-2 during the early pandemic, sam-
pling frequency was higher than in subsequent endemic years. During the first COVID-19
wave, samples were taken every two weeks from July 2020 to January 2021, whereas during
the endemic phase, composite samples were collected monthly from April 2024 to Septem-
ber 2025. All sampling were conducted by the Mendoza Water Management and Sanitation
Company (AYSAM S.A., Ciudad de Mendoza, Argentina). Immediately after collection, all
samples were stored at 4 ◦C and transported to our laboratory for heat inactivation at 60 ◦C
for 90 min [23]. Duplicate 300 mL aliquots were then stored at −20 ◦C for a maximum of
72 h before further processing for viral concentration and RNA extraction.

2.2. Wastewater Concentration and SARS-CoV-2 RNA Extraction and Quantification

As previously described [23], two viral particles concentration methods were
applied: polyethylene glycol (PEG) precipitation and aluminum polychloride (PAC)
adsorption–precipitation.
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For samples to compare the SARS-CoV-2 viral load at Campo Espejo WWTP and at
specific points of the sewer maintenance holes from Las Heras (grab samples), the PEG
method was applied, yielding 2 mL of concentrate from 300 mL of raw wastewater [23]. For
samples to evaluate temporal changes in viral load during epidemic and endemic phases of
COVID-19 (composite samples), the PAC method was used, obtaining 2.5 mL of concentrate
from 300 mL of sample [23]. Viral RNA extraction from PEG-concentrated samples was
performed using the NucleoZOL® (Macherey-Nagel, Düren, Germany) reagent. After lysis
and removal of DNA and proteins, the supernatant was mixed with binding buffer to allow
RNA binding to the silica membrane of the NucleoSpin® RNA Set column (Macherey-
Nagel, Düren, Germany). Two washing steps were carried out, and RNA was finally eluted
with 60 µL of RNase-free water.

For PAC-concentrated samples, 220 µL of concentrate were processed using NucleoZOL®

(Macherey-Nagel, Germany) and lysis buffer according to the manufacturer’s instructions
(NucleoSpin® RNA Stool kit, Macherey-Nagel, Düren, Germany). Samples were mixed
with ceramic beads and lysed by shaking for 10 min. After centrifugation at 10,000× g for
15 min, the supernatant was passed through an Inhibitor Removal Column to eliminate
substances that could interfere with RT-qPCR. Nucleic acids were then retained on a silica
column, washed to remove contaminants, and treated with rDNase. Total RNA was eluted
with 80 µL of RNase-free water.

The extracted RNA was quantified using a NanoDrop spectrophotometer, aliquoted,
and stored at −20 ◦C until Reverse Transcription quantitative Polymerase Chain Reaction
(RT-qPCR) analysis.

SARS-CoV-2 RNA quantification was performed by RT-qPCR using the iTaq Universal
Probe One-Step Kit (BioRad Life Science, Hercules, CA, USA). The N1 and N2 regions of the
viral nucleocapsid gene were targeted using the 2019-nCoV CDC EUA Kit (IDT #10006606,
Lot #0000512209, Newark, NJ, USA). The SARS-CoV-2 nucleocapsid (N) gene was selected
as the primary target because it is highly expressed during viral replication and it has high
abundance in infected individuals. Consequently, N1 and N2 markers were selected due
to their high analytical sensitivity, robustness across different wastewater matrices, and
widespread validation in wastewater-based epidemiology studies [27,28]. Both targets
have been previously evaluated in wastewater samples from Mendoza during the early
epidemic period [23], demonstrating consistent detection and reliable correspondence with
epidemiological trends. The simultaneous quantification of both markers was therefore
retained to enhance detection reliability, reduce the risk of false-negative results, and
account for potential differential degradation or amplification efficiency in complex sewage
matrices [17,27,29,30]. Five microliters of RNA template were used in a final reaction
volume of 20 µL. Positive controls (RNA from COVID-19 patients) and negative controls
(nuclease-free water) were included. All reactions were performed in duplicate, and
potential RT-qPCR inhibition was assessed by testing 1:5 sample dilutions. This study
did not experimentally assess recovery efficiency, which could represent a limitation and
may introduce uncertainty in the absolute quantification of viral loads. However, the
epidemiological relevance of the data lies primarily in comparative temporal trends rather
than absolute concentrations. Viral RNA quantification was based on standard curves
generated using synthetic RNA, following previously validated protocols reported by our
research group [23], in which recovery efficiency was experimentally evaluated. Results
were manually calculated and expressed as the number of viral copies per 100 mL of
wastewater (copies/100 mL). RT-qPCR assays were performed on a BioRad CFX96 thermal
cycler (BioRad, Hercules, CA, USA), using the following program: 50 ◦C for 10 min, 95 ◦C
for 3 min, followed by 45 cycles of 95 ◦C for 15 s and 60 ◦C for 50 s. Data were analyzed
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with CFX Maestro software (BioRad, Hercules, CA, USA), with the fluorescence threshold
set at 75.

To examine the temporal relationship between diagnosed cases and viral load,
COVID-19 case counts were calculated as the sum of cases diagnosed and reported by
the Ministry of Health of the Mendoza Government during the seven days preceding
each wastewater sampling date. These data are presented as “weekly COVID-19 cases”
in Figures 1–3, while the specific sampling dates and numerical values are provided in
Supplementary Tables S1–S3.

2.3. Epidemiological Data About SARS-CoV-2 Variants Circulating Between 2021 and 2025

Secondary data on the SARS-CoV-2 virus variants that circulated in the Mendoza
province was provided by the Health Ministry, Mendoza Government. Genomic iden-
tification of viral RNA was performed on 373 samples in 2021, 170 in 2022, 86 in 2023,
57 in 2024, and 24 in 2025. All of them correspond to human biological samples obtained
by nasopharyngeal swab or lung aspirate.

2.4. Statistical Analysis

Data were processed and analyzed using descriptive statistics. All wastewater samples
were processed in duplicated (two independent concentrates) and RT-qPCR determinations
for each molecular marker (N1 and N2) were performed in duplicate (n = 2). The mean
values of these replicates were used for data presentation and trend analysis. Results are
reported as absolute concentrations (copies/100 mL) to illustrate spatiotemporal variations
of SARS-CoV-2 RNA in wastewater. Statistical analyses and graphical representations were
performed using GraphPad Prism® ver. 8.0.1 (San Diego, CA, USA) software.

3. Results
3.1. Spatiotemporal Variation of SARS-CoV-2 RNA in Sewer Maintenance Holes

SARS-CoV-2 RNA was detected in all six sewer manholes areas of Las Heras through-
out the monitoring period (January–June 2021) (Figure 1). Both N1 and N2 genetic
markers showed a similar temporal pattern, with a sharp increase in viral RNA mark-
ers concentrations, coinciding with the peak of confirmed COVID-19 cases by Health
Ministry (Mendoza, Argentina), during the fifth sampling event (May 2021). However,
N1 copy numbers exceeded those of N2 by one to two orders of magnitude (Figure 1 and
Supplementary Table S1) in these sewer holes.

The highest viral concentrations were observed in two sewer maintenance holes
located at Condarco–Matheu (Figure 1b) and San Martín–Moyano (Figure 1e) streets,
reaching N1 values of 1.5 × 106 copies/100 mL and 4.9 × 105 copies/100 mL, respec-
tively. At Palacios–Perú streets (Figure 1a), a moderate increase in the N1 marker was
recorded during the fourth sampling event, while more pronounced increases were de-
tected at San Martín–Moyano (Figure 1d) and Condarco–Matheu (Figure 1c) streets. Across
all the three locations, maximum N1 concentrations were reached at the fifth sampling.
However, at Condarco–Matheu streets, N2 levels remained below the limit of detection
during the final sampling events, whereas peak N2 levels at Palacios–Perú and San
Martín–Moyano streets occurred during the fifth sampling. In contrast, at Galigniana–
Antártida Argentina streets (Figure 1f), a sharp increase in both molecular markers were
observed during the fourth sampling, with N2 reaching its maximum concentration
(3.9 × 104 copies/100 mL).
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Figure 1. SARS-CoV-2 levels (RNA copies/100 mL) and COVID-19 cases identified across six
sewershed sampling places (a–f) from Las Heras, Mendoza, Argentina, between 1 January and
17 June 2021. Sampling dates were January 1–3 (day 0), January 8–12 (≈day 7), January 26–27 and
February 3 (≈day 25), March 11–15 (≈day 70), April 20–23 (≈day 110) and June 14–17 (≈day 140).

In general, SARS-CoV-2 RNA levels rose in all grab samples several days before
diagnosed cases of COVID-19 were confirmed, showing a clear temporal offset between
wastewater detection and reported infections. Following the epidemiological peak, a
progressive decline in both genetic markers paralleled the reduction in new COVID-19
cases by the sixth sampling.

3.2. Load Viral Comparison Between Local Sewers and Wastewater Treatment Plants

The viral RNA dynamics in sewer maintenance holes were mirrored by the find-
ings at the three WWTPs (Figure 2 and Supplementary Table S2). The highest viral
loads in the metropolitan area’s sewer system were recorded during fifth sampling, with
a mean value across the six sampling points of 4.6 × 105 copies/100 mL for N1 and
3.3 × 104 copies/100 mL for N2 (Figure 2a). These peaks coincided with the weekly high-
est number of COVID-19 cases reported (1313 cases). Analysis of the local WWTPs revealed
similar pattern. El Algarrobal WWTP showed an elevated viral load during the fifth
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sampling, in line with the increase in confirmed COVID-19 cases in its corresponding
area (Figure 2b). Likewise, Uspallata WWTP displayed the highest viral RNA concentra-
tion on the same date (1.1 × 107 copies/100 mL for N1 and 3.0 × 105 copies/100 mL for
N2). This high viral load was evidenced at the time when 72 confirmed COVID-19 cases
were reported at local level (Figure 2c). Campo Espejo WWTP, which integrates influents
from Las Heras, Mendoza City, and Godoy Cruz, exhibited a maximum N1 detection of
6.0 × 104 copies/100 mL during the fifth sampling, once again preceding the regional
epidemiological peak (Figure 2d). However, in Campo Espejo WWTP, N2 genetic marker
detection remained at basal levels throughout the sampling period (Figure 2d).

Figure 2. Mean viral levels and confirmed COVID-19 cases in the metropolitan area’s sewer system
of Las Heras (a), compared with data from local WWTPs El Algarrobal (b) and Uspallata (c), and the
regional Campo Espejo WWTP (d). Sampling dates were January 1–3 (day 0), January 8–12 (≈day 7),
January 26–27 and February 3 (≈day 25), March 11–15 (≈day 70), April 20–23 (≈day 110) and June
14–17 (≈day 140).

3.3. Temporal Variations in Viral Load Across the First Epidemic Waves and the Subsequent
Endemic Phase of COVID-19

Long-term surveillance at Campo Espejo WWTP revealed differential viral dy-
namics between the first epidemic waves (2020–2021) and the subsequent variations
in viral load during the endemic phase of the disease (2024–2025) (Figure 3 and
Supplementary Table S3). During the initial wave, SARS-CoV-2 RNA concentrations
exhibited a sharp increase between the third and fifth sampling (Figure 3a). Notably, in
the early stages of the pandemic, the viral loads detected in the second sampling were
markedly higher than the reported clinical cases. Nonetheless, between the second and
third samplings, the number of diagnosed COVID-19 cases nearly doubled, making the
levels of viral load observed epidemiologically expected. In the fifth sampling, both mark-
ers N1 and N2, reached their maximum values (9.1 × 104 and 1.2 × 105 copies/100 mL,
respectively), coincident with the maximum number of weekly COVID-19 cases reported
by the local Health Ministry (approximately 1500 individuals) (Supplementary Table S3).
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Viral RNA persisted in wastewater for six weeks after the maximum weekly reported
cases, suggesting prolonged viral shedding within the monitored population (Figure 3a).
Similarly, the viral load peak observed at sampling 12 was clearly higher than the reported
clinical cases. It coincided with the Holidays season (summer in Mendoza) and can be
explained by an influx of a non-resident floating population, often not captured by local
clinical registries (Figure 3a and Supplementary Table S3).

Figure 3. Long-term surveillance at Campo Espejo WWTP. Dynamic temporal of SARS-CoV-2 during
(a) the initial epidemic waves (2020–2021) and (b) the endemic phase (2024–2025) in Mendoza.
Sampling was carried out every two weeks from December 2020 to June 2021, while the sampling
was monthly from April 2024 to September 2025. In both panels, clinical data (gray bars) represent
the aggregate number of reported COVID-19 cases during the seven days preceding each wastewater
sampling date.

On the other hand, SARS-CoV-2 RNA concentrations exhibited sporadic fluctuations
during the endemic phase of the disease. Overall, N1 peaks were particularly pronounced
in sampling months 4, 5, 6, 9, 11, 16, and 17, whereas increases in the N2 marker were
detected in months 4, 6, 15, and 16. Notably, these increases in viral load in wastewater
samples preceded the rise in clinically diagnosed cases of COVID-19, which became evident
in months 6, 7, 17, and 18; however, the reported case counts remained low relative to the
magnitude of the viral loads observed (Figure 3b).
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3.4. SARS-CoV-2 Variants Circulating in Mendoza, Argentina

Between 2021 and 2025, successive changes of circulating SARS-CoV-2 variants were
observed in Mendoza (Figure 4). In 2021 there was a dominancy of Delta (44.5%) and
Gamma (35.6%) variants and lower percentage of Lambda, Alpha, and Iota (Figure 4a).
During 2022, there was an abrupt transition toward to the Omicron variants, being the most
prevalent BA.2 (33.5%) and BA.1 (28.2%), alongside the emergence of sublineages such
as BA.4, BA.5, and BQ.1 (Figure 4b). By 2023, circulation became almost monodominant,
with Omicron BQ.1 accounting 79.0% followed of XBB as the second most frequent lineage
(Figure 4c). In 2024, the diversification process within Omicron continued, although
community transmission was clearly dominated by JN.1 (49.1%) and secondarily by XBB.1.5
(31.6%), followed by moderate levels of EG.5, XEC and KP.3.1.1 (Figure 4d). In 2025,
community circulation was almost entirely restricted to Omicron two variants under
monitoring (VUM) XEC and KP.3.1.1, showed similar percentages (Figure 4e), indicating
a trend toward highly derived Omicron lineages and the near-complete replacement of
earlier variants.

Figure 4. Circulation of SARS-CoV-2 variants in Mendoza province, Argentina, between 2021 and
2025 (Data provided by the Health Ministry, Government of Mendoza). Values are expressed as the
percentage of each variant calculated from the total number of sequencing tests performed annually
on clinical patient samples: (a) 2021 (n = 373); (b) 2022 (n = 170); (c) 2023 (n = 86); (d) 2024 (n = 57);
(e) 2025 (n = 24).
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4. Discussion
4.1. WBE as a Predictive Early-Warning System

The consistent detection of both molecular markers N1 and N2 of SARS-CoV-2 virus
across all monitored sewer maintenance holes in Las Heras, throughout the studied period,
firmly establishes WBE as a leading indicator system for the second epidemiological wave
reported by Health Ministry of Mendoza, Argentina. Viral RNA loads consistently rose
days preceding the increase in clinically confirmed COVID-19 cases, as was reported in
other districts from Argentina [19,21,22]. This clear temporal offset is highly valuable,
providing public health authorities with a critical early-warning window to implement
targeted interventions before the epidemiological peak, thereby allowing for real-time
tracking of local disease dynamics. These findings align with previous studies, reinforcing
the role of WBE as a robust predictor of community transmission [31–35].

4.2. Utility of Spatially Targeted Surveillance

Targeted surveillance at strategic sewer nodes validated the utility of sewershed-level
monitoring for detecting clear patterns of SARS-CoV-2 circulation within geographically
circumscribed urban areas. The high viral levels observed in the sewer manholes from
Zapallar-Plumerillo, La Cienaguita and El Challao (Figure 1 and Supplementary Table S1)
reflect metropolitan areas characterized by high population density, intense community
activities, or even pronounced demographic heterogeneity [19]. In specific instances, such
as El Resguardo (Figure 1f), we observed high viral loads that did not correspond with the
low number of reported cases in the fourth sampling. In this context, WBE provides critical
public health insights, as it likely identifies a potential contagion hotspot or highlights
gaps in reported diagnosed cases. As evidenced by several studies [23,25,36,37], high viral
concentrations in wastewater often diverge from clinical case counts. Such inconsistencies
are largely attributable to epidemiological variables, specifically diagnostic infrastructure
limitations, testing throughput, clinical registration protocols, and patient access to health
services. These findings underscore the high sensitivity of WBE as a “silent sentinel”
during periods of low clinical surveillance enabling the detection of localized outbreaks
even before they are captured by formal health records and providing a level of spatial
resolution unattainable through composite treatment plant sampling.

4.3. Genetic Marker Performance and Quantification Reliability

Both nucleocapsid gene targets consistently demonstrated high sensitivity across
samplings, affirming their status as reliable molecular indicators of viral presence in this
complex matrix, in agreement with international reports [17,27,29,30]. While a clear tempo-
ral correspondence was observed between viral load peaks and rising clinical confirmed
COVID-19 cases, the quantification of genetic markers of SARS-CoV-2 by RT-qPCR was
characterized by notable stochastic variability, particularly reflected in the one- to two-
order of magnitude difference often observed between N1 and N2 copy numbers. This
inter-marker fluctuation underscores the necessity of utilizing both N1 and N2 targets
systematically for robust quantification. The lower and more variable signal observed for
the N2 target, compared to N1 (see Figures 1c, 2d and 3b) may reflect the differential lability
and degradation rates of SARS-CoV-2 RNA fragments within the complex wastewater
matrix, as previously reported [38,39]. Environmental stressors, such as pH fluctuations
and enzymatic activity, may preferentially affect certain genomic regions, which could
partly explain the consistently higher levels of the N1 target compared with N2 observed
in our study. Relying on a single target under these conditions risks producing underesti-
mations or false-negative interpretations [27] and emphasizes the complexity of accurately
modeling viral shedding variability within localized sewage systems.
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4.4. Data Harmonization Across Monitoring Scales and Disease Burden Assessment

The observed harmonization in viral RNA dynamics between local sewer systems
and the WWTPs confirms that WBE provides a scalable and hierarchical assessment of
disease burden (Figure 2). In this study, El Algarrobal and Campo Espejo WWTPs offer an
aggregated view of community prevalence, while sampling at maintenance holes allows for
the identification of localized infection hotspots. The exceptionally high viral concentration
observed at the Uspallata WWTP, despite a low number of diagnosed cases (72 cases),
is particularly noteworthy. This discrepancy suggests a potential underestimation of
epidemiological prevalence in the local population, a high rate of asymptomatic individuals,
or variations in viral shedding. Uspallata receives substantial transit from long-distance
truck drivers traveling between Chile and Argentina. This influx increases the likelihood of
subclinical or undiagnosed infections contributing viral RNA to the sewage system and
the treatment plant, which in this case provided timely evidence prompting governmental
authorities to deploy an air ambulance for patients with severe complications. This was
particularly relevant because this high-altitude region lacks high-complexity hospital and
was not equipped to manage a substantial increase in clinically severe cases, especially
those with respiratory compromise or comorbidities associated with increased health risk.
The value of WBE is further reinforced by the regional Campo Espejo WWTP, where
maximum detection preceded the clinical peak, demonstrating its utility in monitoring
metropolitan-wide trends (Las Heras, Mendoza City, and Godoy Cruz).

Consequently, local sewer systems exhibit high sensitivity to abrupt shifts in viral
dynamics enabling the detection of epidemiological fluctuations that might otherwise be
diluted in larger-scale treatment facilities [17,18]. Nevertheless, Campo Espejo accurately
mirrored the epidemic trajectory within the broader Mendoza metropolitan area, reinforcing
the role of regional WWTP are as critical nodes for large-scale population monitoring [17].

The strong agreement between mean values from the six sewer maintenance holes and
the viral load detected at Campo Espejo WWTP further supports the integrative capacity of
centralized treatment plants. This consistency persists even when demographic density,
wastewater flow, or industrial inputs vary considerably across the contributing catchments.

4.5. Epidemic vs. Endemic Phases of COVID-19 in Mendoza, Argentina

Human shedding of SARS-CoV-2 through excretions and secretions is well estab-
lished [40,41], with viral genetic material in wastewater originating from symptomatic,
pre-symptomatic, or asymptomatic individuals [42,43]. Long-term surveillance at the re-
gional WWTP Campo Espejo revealed a fundamental shift in the viral load and dynamics
in wastewater between the epidemic and endemic phases. The epidemic phase (2020–2021)
included a high viral load where the first increase was followed by prolonged temporal
persistence likely due to extended viral shedding among infected individuals (Figure 3a).
Conversely, the high concentration of both markers N1 and N2 (Figure 3b) during July–
August 2024 and December 2024–March 2025, without a corresponding increase in reported
cases, suggests a state of viral endemicity. This pattern indicates that factors such as
widespread population immunity (resulting from natural infection and vaccination), the
emergence of different variants, and substantial changes in testing strategies, contributes
to the decoupling of viral RNA presence in sewage from reported diagnosed cases. This
decoupling suggests that while community circulation persists, a large proportion of in-
fections may be asymptomatic or mild, therefore remaining undetected by formal health
surveillance [44,45]. These findings show that WBE is a robust epidemiological strategy
to detect viral circulation even under low-incidence conditions where tradition clinical
surveillance loses sensitivity.
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Data obtained in 2024 and 2025 reflect the transition of COVID-19 from epidemic
scenario, characterized by widespread susceptibility, limited prior immunity, and inten-
sive testing, to an endemic phase [44]. In the later phase, the population immunity, the
circulation of different viral variants, and changes in testing strategies plays a major role in
shaping the observed data [44,45].

WBE complements effectively the clinical genomic surveillance made in Mendoza
hospitals, which documented a rapid and successive replacement of variants (from
Delta/Gamma to dominant Omicron sub-lineages like JN.1 and BQ.1). Such monitor-
ing is crucial for anticipating the circulation of emerging Variants Under Monitoring (VUM)
such as XEC and KP.3.1.1, which may carry implications for vaccine effectiveness or trans-
missibility. However, genomic surveillance studies in wastewater have shown that shifts in
dominant variants do not substantially alter the overall detectability of SARS-CoV-2 [46].
This pattern is mirrored in Mendoza, where viral loads between 2024 and 2025 likely reflect
the co-circulation of multiple Omicron variants.

By examining the temporal fluctuations in SARS-CoV-2 viral loads (Figure 3a,b) with
circulating viral clades in Argentina from 2020 to 2025 (https://covariants.org/per-country?
region=World&country=Argentina, accessed on 26 January 2026), we observed that the
initial viral detection in late July 2020 coincided with the predominance of clade 20A.
Subsequent peaks of August and September were mainly associated with clades 20A and
20B, reflecting sustained circulation of early pandemic lineages. By late October 2020,
elevated viral loads aligned with the persistence of these clades and the emergence of clade
21G (Lambda), indicating increased viral diversity. The major peak observed between late
December 2020 and early 2021 was characterized by the co-circulation of multiple clades,
including 20A, 20B, 21G, and the introduction of clade 20I (Alpha), suggesting enhanced
transmissibility and complex epidemic dynamics during the second wave. Furthermore,
during the transition toward the endemic phase, viral load increases in 2024 and 2025 were
consistently associated with Omicron-derived clades. Specifically, the peak detected in
May 2024 coincided with clade 24A, while sustained high viral loads during mid-2024
were dominated by clade 24E, followed by 24F in December 2024. In early 2025, viral load
increases were associated with clades 24H and 25A, with the latter remaining predominant
through mid-2025. Collectively, these findings indicate that wastewater viral load dynamics
reflect not only changes in infection intensity and the sequential replacement of SARS-
CoV-2 clades as the virus transitioned from pandemic to endemic circulation (sources:
https://covariants.org/per-country?region=World&country=Argentina, accessed on 26
January 2026, and National Health Ministry, Argentina).

Notably, even in the absence of exhaustive genomic analyses, the recurrent detection
of N1 and N2 markers suggests that WBE performance for SARS-CoV-2 does not depend
strictly on the specific variant in circulation (see Figure 4), but rather on the underlying
epidemiological phenomenon of continued community transmission, even when symptoms
are mild or absent.

5. Conclusions
Our results demonstrate that SARS-CoV-2 RNA in wastewater closely reflected the

epidemiological situation in Las Heras and consistently precedes by several days the in-
crease in COVID-19 cases reported by the Health Ministry. Surveillance conducted at
sewer maintenance holes provided high spatial resolution, enabling the identification of
localized transmission peaks that were not always evident in clinical records. Concurrently,
WWTPs effectively captured broader community trends, and the concordance between
both scales confirms the reliability of WBE across different levels of population aggregation.
The comparative analysis between local sewers and WWTPs show that upstream monitor-
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ing is more sensitive to abrupt, small-scale fluctuations, whereas plant-level surveillance
integrates signals from larger urban catchments. The exceptionally high viral loads de-
tected in Uspallata, a region characterized by low residential density but high cross-border
mobility, highlight the utility of WBE in areas where clinical surveillance may considerably
underestimate actual transmission rates.

Long-term monitoring revealed distinct changes in viral dynamics: the initial epi-
demic waves showed sustained and high viral loads with high number of diagnosed
cases, whereas the endemic phase was characterized by low and intermittent detections,
with a weakened correspondence to diagnosed cases. These patterns indicate persistent
but low-intensity viral circulation in a population that has attained high immunity lev-
els. Finally, the detection of viral RNA across 2024–2025, even in the absence of major
clinical outbreaks, suggests that wastewater surveillance remains effective regardless of
circulating variants, and reflects generalized community transmission rather than variant-
specific behavior.

From a public health perspective, these findings demonstrate that integrating up-
stream sewer-level sampling with WWTP surveillance provides an actionable framework
for early outbreak detection, hotspot identification, and continuous monitoring of viral
circulation during endemic periods. This approach can inform timely, spatially targeted
interventions, such as focused testing, risk communication, and healthcare resource alloca-
tion, thereby strengthening disease prevention strategies and enhancing preparedness for
future resurgences or emerging pathogens.
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