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Abstract 

Wastewater-based epidemiology is an economical and effective tool for monitoring the 

COVID-19 pandemic. In this study we proposed sampling campaigns that addressed spatial-

temporal trends within a metropolitan area. This is a local study of detection and 

quantification of SARS-CoV-2 in wastewater during the onset, rise, and decline of COVID-

19 cases in Salta city (Argentina) over the course of a twenty-one-week period (13 Aug to 30 

Dec) in 2020. Wastewater samples were gathered from 13 sewer manholes specific to each 

sewershed catchment, prior to convergence or mixing with other sewer lines, resulting in 

samples specific to individual catchments with defined areas. The 13 sewershed catchments 

selected comprise 118,832 connections to the network throughout the city, representing 

84.7% (534,747 individuals) of the total population. The number of COVID19-related 

exposure and symptoms cases in each area were registered using an application developed for 

smartphones by the provincial government. Geographical coordinates provided by the 

devices were recorded, and consequently, it was possible to geolocalize all app-cases and 

track them down to which of the 13 sampling catchments belonged. RNA fragments of 

SARS-CoV-2 were detected in every site since the beginning of the monitoring, anticipating 

viral circulation in the population. Over the course of the 21-week study, the concentrations 

of SARS-CoV-2 ranged between 1.77×10
4
 and 4.35×10

7
 genome copies/L. There was a 

correspondence with the highest viral load in wastewater and the peak number of cases 

reported by the app for each catchment. The associations were evaluated with correlation 

analysis. The viral loads of SARS-CoV-2 in wastewater were a feasible means to describe the 

trends of COVID-19 infections. Surveillance at sewershed scale, provided reliable and 

strategic information that could be used by local health stakeholders to manage the COVID-

19 pandemic. 
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1. Introduction 

The current pandemic coronavirus disease 2019 (COVID-19) caused by the severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2) started in December 2019 in Wuhan, 

China. In few months, facilitated by global travel, the disease expanded to all the continents 

and almost all countries reported COVID-19 cases. The city of Salta, main city in the 

province of Salta, located in the northwest of Argentina, was no exception. On March 18, 

2020, the first COVID-19 case was reported in a person returning from Spain. Virus spread 

remained under control with sporadic cases; however, on 26
th

 August community 

transmission of the virus was declared. By the end of the year 2020, according to official 

reports, the virus had infected more than 22 thousand and killed 1,024 people in Salta 

province (https://www.argentina.gob.ar/coronavirus/informe-diario). A high percentage of 

cases (47.6%) occurred in Salta city where more than 631,000 citizens are settled. 

From the beginning of the pandemic the medical and the scientific communities joined efforts 

to understand better the symptoms that would help to an early diagnose of the disease. Many 

symptoms were identified including diarrhoea, which led to the search of SARS-CoV-2 in 

stool samples. According to a review, where more than 73 hospitalised patients were studied, 

SARS-CoV-2 was detectable in stool in up to half of COVID-19 patients independently of 

gender and age (Xiao et al., 2020) as well as in stool of asymptomatic individuals (Jiang et 

al., 2020, Rampelli et al., 2020, Park et al., 2021).  

Asymptomatic people represented (still does) a challenge for the health system around the 

world as they were silent virus spreaders and their number remained unknown, unless 

massive testing was performed. Some developed countries or small communities were able to 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



control the viral dissemination; massive testing and strict tracking of contacts were the key to 

success. However, generalized massive testing is unpractical and impossible in most of the 

places due to the limitation of resources and to the speed of viral transmission. In this 

context, wastewater surveillance raised as a tool to assess the viral circulation in a community 

as faeces were carrying the virus excreted by symptomatic as well as by asymptomatic 

individuals (Medema et al., 2020; Thompson et al., 2020, Wannigama et al., 2021). 

Several research groups around the world have reported the presence of SARS-CoV-2 RNA 

fragments in untreated wastewaters in the Netherlands (Izquierdo-Lara et al., 2021), Australia 

(Ahmed et al., 2020a), Italy (Rimoldi et al., 2020; Maida et al., 2022), France (Wurtzer et al., 

2020), United States (Wu et al., 2020a; Gonzalez et al., 2020), Canada (Acosta et al., 2022), 

Mexico (Carrillo-Reyes et al., 2021) and elsewhere in South America it was reported in 

Brasil (Claro et al., 2021; Fongaro et al, 2021; Prado et al., 2021; Prado et al., 2020), 

Argentina (Barrios et al., 2021; Giraud-Billoud et al, 2021; Iglesias et al., 2021), Chile 

(Ampuero et al., 2020).  

Comparing or trying to correlate the concentration of SARS-CoV-2 in wastewater to the 

number of COVID-19 cases tested in the community (Mallapaty, 2020) is challenging due 

mainly to two limitations. The first one is that the viral concentration excreted in faeces is 

highly variable, especially in the first wave of COVID-19 when population have not yet 

developed immunity, as the value varied amongst patients and changed over time. Miura and 

collaborators estimated the median concentration of SARS-CoV-2 in faeces as 3.4 (95% CI: 

0.24–6.5) log copies per gram-faeces (Miura et al., 2021), and it was independent of the 

severity (or absence) of symptoms (Chen et al., 2020). The second important limitation was 

the variability of the timeframe for the persistence of SAR-CoV-2 in stools samples, with 

report of faeces remaining positive for 7 days (Chen et al., 2020), 26 days (95% CrI: 21.7–

34.9) (Miura et al., 2021), 33 days and as much as five weeks (Wu et al., 2020b). Despite 
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those difficulties, wastewater monitoring proved useful to identify COVID-19 hotspots, 

trends, and to deliver early warnings of SARS-CoV-2 outbreaks (Ahmed et al., 2020a).  

Most frequently, wastewater samples are collected at the entrance of wastewater treatment 

plant (WWTP) facilities, as they represent a main sampling point for the total population 

served. Nevertheless, wastewater sampling performed at different points of the sewage 

network (sewershed), is better to detect COVID-19 hotspots within an urban settlement and 

to provide more useful information to control the dissemination of the disease (Hoar et al., 

2022; Mao et al., 2020; Nghiem et al., 2020).  

Here we present a local study of detection and quantification of SARS-CoV-2 in wastewater 

during the onset, rise, and decline of COVID-19 cases in the city of Salta over the course of a 

twenty-one-week period (13 Aug to 30 Dec) in 2020 at the sewershed scale. In this study we 

proposed sampling campaigns that addressed spatial-temporal trends within a metropolitan 

area, and assessed their usefulness to detect and localise outbreaks, providing strategic 

information for public health policy. 

 

2. Materials and Methods 

2.1.Sampling design  

Salta city is located in a subtropical region in north-western Argentina. The estimated 

population in Salta city for 2020, according to previous census, was 631,058 inhabitants. 

Sanitation services cover the whole city, with more than 140,000 households connected to the 

sewage system. There are two wastewater treatment plants in Salta city. About 88% of the 

collected sewage is treated in an aerobic sewage treatment plant located in the south-east of 

the city (WWTP-S), while the remaining 12% (aprox.) is treated in a system of waste 

stabilization ponds (WSP) in the north of the city (WWTP-N).   
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Wastewater samples were gathered (in a joint effort with the company in charge of sanitation 

in Salta City, Aguas del Norte) initially from 11 sites (CM1, CM2, CM3, CM4, CM5, CM6, 

CM8, CM9, EST, CER, SOL), and on 23 September two more (THA and VAR) were added 

to the sampling scheme. Thus, the monitoring involved a total of 13 sewer manholes specific 

to each sewershed catchment, prior to convergence or mixing with other sewer lines, 

resulting in samples specific to individual sub-catchments with defined communities (Figure 

1).  

The 13 sewershed catchments selected contemplated 118,832 connected users to the network 

throughout the city, accounting for the 84.7% (534,747 individuals) of the total population 

(Table 1). Therefore, only a 15% of the population was not reflected in this study.  

The sewershed catchment CM3 was the service area with the greatest number of houses 

connected (21,299) accounting for 18% of the population included in this study (95,846 

inhabitants). The second largest service area was CM8 with 15.3% of users (81,963 

inhabitants) connected. Meanwhile, the smallest catchment was THA with 5,414 inhabitants 

(1% of population) distributed in 1,203 households (Table 1).   

 

Table 1. Selected sewershed catchments in Salta City. Connections and estimated population 

served considering a factor of 4.5 persons per household. 

WWTP 

discharge 

Sewershed 

Catchment ID 

Connections  Population 

(inhabitants) 

Estimated load (m
-3

 

day
-1

) 

North CM8 18,214 81,963 23,605 

South CM1 13,760 61,920 17,833 

 CM2 4,102 18,459 5,316 
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 CM3 21,299 95,846 27,604 

 CM4 5,048 22,716 6,542 

 CM5 14,433 64,949 18,700 

 CM6 17,502 78,759 22,683 

 CM9 9,096 40,932 11,788 

 EST 5,788 26,046 7,501 

 CER 4,425 19,913 5,735 

 SOL 1,587 7,142 2,057 

 THA 1,203 5,414 1,559 

 VAR 2,375 10,688 3,078 

Total South  100,618 452,784 130,396 

Total city  118,832 534,747  

 

Wastewater was systematically monitored between 8 and 11 am biweekly from 13th of 

August to 30th of December 2020, during the first wave of COVID-19 in Salta. During that 

period, a total of 137 grab samples (500 ml) were collected from manholes using a pole and 

submerging a bucket into the flowing wastewater and later transferred into sterile bottles that 

were brought to the laboratory on ice. They were straightaway inactivated upon receipt in a 

water bath at 60 
o
C for 90 min following the procedure recommended by Wu and 

collaborators (2020a). After that, the concentration was performed. 

2.2. Sample concentration, and RNA extraction and quantification 
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Sample concentration was performed by adding 4 g of PEG 8000 (Sigma-Aldrich) and 0.9 g 

of NaCl (Biopack, Argentina) to 40 ml of inactivated wastewater, contained in 50-ml sterile 

tubes, and stirred for 5 min for total dissolution of PEG. Tubes were incubated overnight at 4 

o
C. After incubation, the suspension was centrifuged at 10,000 × g until total dissolution of 

PEG (approximately 60 min), at 4 
o
C. Supernatant was discarded and the pellet resuspended 

in 450 l of Trizol (Sigma-Aldrich). The final concentrate samples were immediately stored 

at −70 °C until further use.  

RNA extractions were conducted as described in the manual by the manufacturer of Puro 

Virus kit (PBL, Productos Biológicos, Argentina). Briefly, 140 l of concentrate sample in 

Trizol was used for RNA extraction with fast-spin columns holding silica membranes that 

bind specifically viral nucleic acids, and after three washing steps, nucleic acids were eluted 

in 60 l of nuclease free water.  

RT-qPCR was performed targeting the N gene of SARS-CoV-2 using primers and probe for 

N1 (F: GACCCCAAAATCAGCGAAAT; R: TCTGGTTACTGCCAGTTGAATCTG; P: 

FAM-ACCCCGCATTACGTTTGGTGGACC-BHQ1) from 2019-nCoV validated by the US 

Centers for Disease Control and Prevention CDC (Lu et al., 2020). Reaction mixtures (20 µl) 

contained 5 µl of 4X Taqman Fast Virus 1-Step Master Mix (Applied Biosystems), 0.16 l of 

each primer, 0.5 µl of probe with final concentrations of 400 and 250 nM, respectively, and 

nuclease-free water plus 5 µl of extract sample. Each RT-qPCR run included a positive 

(nCoV-All plasmid, Eurofins) and a negative no template control and a control of nuclease 

free water (MilliQ water). All the amplification reactions were run in duplicate using the Step 

One Plus real time PCR system (Applied Biosystems, Inc. Foster city, CA). The thermal 

cycling protocol for RT-qPCR was as follows: initial reverse transcription of 5 min at 50 °C 

and 20 sec at 95 °C, then 45 cycles at 95 °C for 15 s and 59 °C for 60 s.  
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The standard curve for SARS-CoV-2 quantification (-3.379 x + 42.276; R
2
= 0.993, dynamic 

range: 7) was generated using ten-fold serial dilutions of a SARS-CoV-2 linear plasmid 

control (nCoV-All) provided by Eurofins containing the complete nucleocapsid (N) gene. 

Limit of detection (LOD) was calculated by running serial dilutions over eight orders of 

magnitude in triplicate (LOD = 4 cg/reaction).  

2.3. Prevalence of reported COVID-19 cases within WWTP sub-catchment areas 

Under strict lockdown and government encouraging people to stay home, it is difficult to 

concur to health care facilities for COVID tests. Furthermore, qPCR swabs tests availability 

was restrained. Therefore, a remote COVID Symptom tracker app SALTA COVID 

(https://appcovid.salta.gob.ar/#/ui/home) was developed by the Modernization Secretary, a 

governmental institution, to give support to the Ministry of Health. This app was widely used 

to track COVID-related exposure and symptoms. Registered people were classified as at low, 

medium, and high risk according to their symptoms and their close contacts. Simultaneously, 

geographical coordinates of their location provided by the smartphone device was recorded 

(geolocation). Consequently, it was possible to localize each App-case and track them down 

to which of the 13 sampling catchments belonged. As SARS-CoV-2 can be released in faeces 

during 8 to 33 days (Miura et al., 2021; Wu et al., 2020b;) we took an average of 14 days 

(active cases) and computed total app-cases within two-weeks periods before the sampling 

day.  

2.4. Statistical Analysis  

All figures and analysis were performed using R Statistical software version 4.0.2 (R Core 

Team, 2020). Specifically, packages ggplot2 (Wickham, 2016) and ggpubr (Kassambara, 

2020) were used for plotting, and dplyr (Wickham et al., 2020) for data manipulation and 

correlation analysis. Nonparametric Kendall’s tau was used to test hypotheses regarding 

associations and trends as data were neither normally nor log normally distributed based on 
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Shapiro-Wilk tests. Kendall correlation coefficient was calculated for each sewershed using 

corr function from stats R package. 

Clinical testing data (confirmed-cases) with qPCR swab tests were collected from 

Argentinean Sanitary Integrated System (SISA) through the Ministry of Health daily reports 

(www.datos.salud.gob.ar). These data were not geo-localized and were reported as total for 

the whole city. App-cases were gathered as described above.  

Maps were drawn up with the free and open-source software Qgis 3.2 

(https://www.qgis.org/en/site/). 

 

3. Results and Discussion 

3.1. SISA (qPCR confirmed) vs App cases in Salta city 

The first confirmed case of COVID-19 in Salta was reported on 18 March, 2020 when a 

passenger returned from Spain and was kept in isolation. Strict restrictions were imposed the 

following months in all the country and the total accumulated confirmed cases since March to 

12 August 2020, when wastewater monitoring started, were 168 for Salta city according to 

SISA (www.sisa.msal.gov.ar). It is important to note that from March to July, confirmed lab 

tested cases were sporadic and the average per week was below ten cases. 

As it is well known, the number of confirmed cases depends on the positive rate (total 

amount of cases/number of tests performed). During the peak of cases the national 

government reported a positivity rate above 50% 

(https://www.argentina.gob.ar/coronavirus/informes-diarios/sala-de-situacion) (Figure S1). 

Therefore, it was expected that the true number of cases was underestimated. A high positive 

rate indicates that the number of confirmed cases is likely to represent only a small fraction 

of the true number of infections. According to criteria published by WHO, a positive rate of 
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less than 5% is one indicator that the epidemic is under control 

(https://ourworldindata.org/coronavirus-testing) nevertheless a rising positive rate suggests 

the virus is actually spreading faster than the growth seen in confirmed cases. Consequently, 

the reported cases by SALTA COVID app were considered to reflect more accurately the 

actual epidemiological situation at that moment.  

From 13 August to 30 December the total number of confirmed cases in Salta city was 

10,375, meanwhile, the app reported cases were 28,729. Under the assumption that App cases 

reflected the actual number of cases, this means the confirmed cases were underestimated 2.7 

times on average and only 36.1% of SARS-CoV-2 infected individuals have sought medical 

care in Salta City. This is slightly higher than reported by other authors in the US where it 

was predicted that only 32% of patients were tested (Silverman et al., 2020). 

The difference was clearly higher during the peak weeks (9 to 30 Sep). According to SISA 

there were 1,371 and 1,670 confirmed cases for weeks of 16 and 23-Sept, respectively. 

However, the app reported 5,092 and 5,610 cases during the same weeks, indicating that 

clinically confirmed cases were respectively 3.7 and 3.4 times lower (Figure 2) and positivity 

rate was between 46 and 53% (Figure S1).  

Nevertheless, it is important to mention that passive surveillance of COVID-19 based on 

monitoring only clinical confirmed cases, always underestimated the actual number of cases 

since it depended on symptomatic infections. Thus, these rates were strongly biased since lab 

testing was only carried out on people who recognized their symptoms or had close contact 

with infected people and attended to the hospital or testing centres for swab examinations 

(Omori et al., 2021). Also, it is well-known that symptomatic infections depended on age. 

Even a greater bias was introduced because passive surveillance does not take into account 

asymptomatic infected people; indeed, there were estimations that there were four to five 
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asymptomatic people per symptomatic one. Therefore, actual number of cases was difficult to 

be estimated.  

3.2. App-cases by sewershed catchments  

As app-reported cases were geo-localised, it was possible to follow the trend of cases 

precisely in each sewershed catchment. The number of viral particles shed in faeces 

depends on several variables. Among others, the severity of symptoms and the age affect 

the virus shedding kinetics (Omori et al., 2021). The virus can be released from body fluids 

from 8 to 33 days (Wu et al., 2020b) and according to viral RNA degradation rates, nucleic 

acids persist in wastewater during 8.04 to 27.8 days (Ahmed et al., 2020b). Therefore, the 

cumulative number of cases within the 14 days before the sampling date were considered as 

active cases that contribute to the viral load in the wastewater.    

During the first two weeks of study, at least one case was reported in each sewershed 

catchment. The spike of number of cases was reported on the 23-Sep week in all catchments 

(Figure S2) when 11 out 13 areas were above 100 cases. The highest number of cases was 

1,218 in sewershed CM3 as expected, since its service area covered for the greatest amount 

of people (95,845 individuals). However, normalised cases by catchment population (Figure 

S3) showed the highest prevalence of 9.1% in sewershed SOL and it was above 1.0% until 

mid-November. It is important to consider that the major regional hospital, where most of 

the COVID-19 cases were treated is located within this zone. Therefore, it was expected 

that several cases were geo-localised in this area, increasing the figure number in this 

catchment. During that period the incidence was from 0.3 to 1.3% in the other catchments. 

In six out of 13 areas, the incidence was above 0.8% (Figure S3) during the peak. The 

lowest number of cases in most of areas were found in the first two weeks of December; the 

occurrences (normalised by population) were around 0 (in three areas) to 0.008%. By the 

end of the year, during the festive season, a slight increment in prevalence values between 
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0.01 and 0.04% was observed in most of the serviced area, besides SOL where it was 

0.13%.  

3.3. Spatial-temporal SARS-CoV-2 trends in sewershed catchments 

Over the course of the 21-weeks study, the concentrations of CoV-2 were between 1.77×10
4
 

and 4.35×10
7
 gc/L. These values are in line with the concentrations reported in Spain 

(Randazzo et al., 2020) and France (Wurtzer et al., 2020). Only in one sewershed (CM9) 

SARS-CoV-2 was not detected in two occasions. After the second detection event, further 

investigations established that an industrial effluent discharge was disturbing the 

measurements. Therefore, the sampling site was set 300 m upstream the original manhole, 

without impacting the residential users covered by the service area.  

RNA fragments of SARS-CoV-2 were detected in every site since the beginning of the 

monitoring on 13 August 2020 (Figure 4). Thus, these results revealed that there was viral 

community circulation in the city even though, the government confirmed such situation on 

26 August, two weeks after the wastewater monitoring had started. During the first 

sampling dates, the highest viral load (9.62×10
5
 gc/L) was found in sewershed CM8 where 

26 app-cases were reported, and it was also the highest number of cases during that week. 

The lowest concentration was detected in sewershed CM6 (4.14×10
4
 gc/L) where 6 app-

cases were cumulative within two weeks before sampling date, in a total population of 

78,759 inhabitants. That meant there was a high likelihood that if one case was actively 

shedding SARS-CoV-2 RNA, it could be detected in a catchment of 13,127 people. This 

demonstrate the platform is reliable and sensitive for detecting infections at the community 

scale, even when case prevalence is low (Hewitt et al., 2022). Interestingly, even though no 

cases were registered in sewershed CER, the viral load in wastewater was already 1.06×10
5
 

gc/L. Overall, during the same period, the total number of confirmed cases were 61 and 98 

cases according to the app for the whole city.  
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The viral concentration trends for each site showed rising and declining loads over the study 

period (Figure 4). Within 42 days of monitoring a sharp increase in detections, with three 

orders of magnitude higher, was observed in each sewershed. Even though, the peak of 

cases reported was on 23
rd

 September in each catchment, high viral loads in raw wastewater 

were determined two weeks before (9-Sep) in some of the sewershed (CER, CM1, CM2, 

CM4, CM5, and EST). Meanwhile, for the rest of the sites (CM3, CM6, CM8, and SOL) 

there was a correspondence between the highest viral load in wastewater and the peak 

number of cases reported by the app. Thus, the highest viral load 4.35×10
7
 gc/L was 

detected in CM3 on 23
rd

 September, this is expected since this sewershed served the 

greatest amount of people.  

Nonetheless, when population normalised viral load (gene copies per capita) was considered 

it allowed assessing for catchment outbreaks and more precise trends at a finest scale were 

perceived (Figure S4). A critical situation was detected in sewershed SOL where for one 

month (9-Sept to 7-Oct) viral loads per capita were above 10
3
 gene copies/person. As 

mentioned before, the reference hospital of the city, where most of the COVID-19 cases 

were hospitalised, was located in this area. Therefore, more SARS-CoV-2 particles 

shedding by patients were expected to impact in the sewage. This fact proved the sensitivity 

of the methodology. Other zones with high viral loads per capita (>10
3
) were CER, THA, 

VAR, CM2, and EST during September. These trends are easy to visualize and would help 

decision- makers to adopt specific measures in these areas to control the virus transmission 

(Tiwari et al., 2022). 

Following the peak there was a sustained decrease in the viral concentrations in the raw 

wastewater analysed. It is important to note that from 21-September to 8-November, the 

government increased the lockdown restrictions that were lifted the previous months for 

winter holidays and religious festivities. Probably, those relaxed measures allowed the viral 
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transmission in the community. The containment measures have a positive effect since the 

viral load in wastewater and COVID-19 cases were in gradual decline. 

At the beginning of December, within the first two weeks, the lowest concentrations were 

detected in most of the sites. Indeed, concentrations were even one order of magnitude 

below the first detection performed in August in several sewershed.  

During the festive season, on 30
th

 December detections of SARS-CoV-2 particles increased 

in all the sewershed catchments. These results were in agreement with the number of cases 

reported by the app (Figure 3). 

3.4. Correlation of SARS-CoV-2 RNA viral load in wastewater with COVID-19 disease 

burden at sewershed scale 

Trends of SARS-CoV-2 RNA viral load in wastewater mirrored the number of cases reported 

by the Salta COVID-app in most of the sewershed (except CM9) during the 21-week time 

frame of the study (Figures 3 and 4). Wastewater testing captured inputs from all the 

individual (including those with mild or asymptomatic infections) in the local community and 

thus, had the potential for estimating the true prevalence of COVID-19 (Nemudryi et al., 

2020), independently of lab confirmed cases and of if infected people had symptoms or not. 

Therefore, we analysed the strength of association between viral concentration in wastewater 

and cases reported by the app using Kendall rank correlation analysis to test if monitoring 

sewershed for SARS-CoV-2 provides a useful epidemiological metric that could alert public 

health officials about emerging outbreaks at different areas of the city (Figure 5). 

Statistically significant and positive correlations were measured in every sampled sewershed 

(besides CM9) with different association strengths. According to the correlation coefficients 

values, strong associations (and p < 0.001) were found in five sewershed: CM2, 

CM3, CM6, EST, and SOL. Four sampling sites showed moderate associations (0.85 <  < 
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0.70) and were measured in CER (p = 0.004), CM4 (p = 0.005), CM8 (p = 0.004) and THA 

(p = 0.01). Weaker associations (0.70 <  < 0.55) were calculated in CM1 (p = 0.016), CM5 

(p = 0.017) and VAR (p = 0.034). Some authors have reported that bigger catchments show 

better association since small sewershed did no exhibit clear tendencies (Barrios et al., 2021; 

Gonzalez et al., 2020). In our sampling sites the catchments that covered the lesser number of 

users showed different behaviours. THA was the smallest sewershed (5,414 inhabitants) and 

showed a moderate association ( = 0.8), meanwhile VAR with double the people (10,688 

persons) showed weak correlation ( = 0.62). A high coefficient value ( = 0.87) was 

observed in SOL with only 7,142 people in the catchment. It is important to note that SOL 

had the highest median incidence rate due to the location of the reference hospital. Larger 

sewersheds as CM3 and CM6 and a small one as CM2, with similar median virus loads and 

incidence rates, showed strong association with values of 0.89, 0.93, and 0.88, respectively. 

Rusiñol and coworkers. (2021) observed that small wastewater treatment plants (<24,000 

inhabitants) had lower median loads of SARS-CoV-2 despite similar incidence of infection. 

Even though correlations were measured in each study sewershed, we cannot directly relate 

to the total number of cases since not all the COVID-19 patients shed SARS-CoV-2 viral 

particles in their stools. However, this tool provides a more reliable view of the actual 

situation of prevalence of the disease across the city. Passive surveillance of COVID-19 

relies only on tracking clinical test results, but this involves intrinsic delays, and is highly 

dependent of the capacity of clinical testing.  

3.5. Spatial-temporal viral load evolution across Salta city during the first COVID-19 

wave in 2020 

To maximize the utility of wastewater monitoring, heat-maps of the viral concentration data 

from the 13 sewershed catchments by week sampled were represented (Figure 6). These 

maps were helpful to rapidly visualize and identify “hot-spots” of the city where the disease 
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was spreading faster, and measurements needed to be implemented. This finer resolution (at 

sewershed level) of a large geographic region (city with more than 600 thousand inhabitants) 

allowed for localised public health interventions. For example, lockdowns could be 

implemented by neighbourhoods rather than the whole city.  

Even more, considering that the positive rate was a good metric for how adequately countries 

were testing when there was scarcity of resources (for testing), these heatmaps could help 

health-care staff to identify areas where more tests need to be applied. Thus, in low-income 

countries where the positive rate was high during outbreaks, this tool was suitable to select 

areas to increase testing and therefore, to properly monitor and control the spread of the virus. 

Even though over the period of study, the average viral loading trend mirrored the total 

number of cases (Figure 7), it is important to highlight the usefulness of identifying specific 

spots to take actions and to efficiently manage the pandemic. It is important to note that this 

approach may be useful in modelling future outbreaks of SARS-CoV-2 or any other pathogen 

(enteroviruses and bacteria) shed in faeces.  

3.6. Relevance of sewershed surveillance in threshold countries  

The usefulness and advantages of using wastewater-based epidemiology (WBE) as a 

surveillance tool to track severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 

cases in a city were demonstrated during the COVID-19 pandemic. Moreover, as Safford and 

collaborators (2022) highlighted, it is a cost-effective way to track disease trends, while 

replacing some clinical testing could save billions of dollars without compromising 

surveillance accuracy. Therefore, this tool should be helpful for many low- and middle-

income countries with scarce resources to clinically test their communities. Indeed, for such 

countries WBE may represent the only viable means of effective population surveillance 

(Hart and Halden, 2020; Usman et al., 2020). Paradoxically, according to Naughton and 

collaborators, WBE monitoring is primarily carried on in high-income countries (65%) and 
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only 35% of low- and middle-income countries have access to this valuable tool (Naughton et 

al., 2021).  

Some limitations of WBE include the potential to trace amounts of viral RNA shed from an 

infected individual going undetected in wastewater, to pinpoint the specific location, and the 

numbers of inhabitants in each monitored area (Kitajima et al., 2022). The uncertainty is even 

higher when samples are collected from inlets of wastewaters treatment plants at the city 

level. A way to decrease it is monitoring at the sewershed level, that means wastewater 

samples are collected from the area of lands where all the sewers of a neighbourhood flow to 

a single end point. Thus, hotspots could be easily identified and understanding the spatial 

changes of the disease trend could help public health officials to focus the mitigations efforts 

locally (Safford et al., 2022). 

Most of the sewershed surveillance studies have been applied in developed countries; 

meanwhile, many Latin-American countries that used this tool, have predominantly sampled 

the inlets of wastewater treatment plants, sometimes combined with sewage from manholes 

or or open sewage in marginal neighborhoods  (Barrios et al, 2021; Carrillo-Reyes et al, 

2021; Fongaro et atl, 2021; Giraud-Billoud et al, 2021; Iglesias et al., 2021; Mota et al, 2021; 

Prado et al, 2020; Prado et al, 2021). To the best of our knowledge, this is the only report in 

Latin-America executed at the sewershed level, where the whole city was segmented in 13 

areas covering almost 85% of the population connected to the network. In many Latin-

American countries clinical testing of the surveilled population is scarce, deficient, and very 

expensive. In addition, considering that clinical testing programs only provide information on 

the subset of individuals who consent to testing, the estimation of the disease prevalence is 

biased and not useful to manage a pandemic. Furthermore, the use of technology could 

provide a way to overcome the lack of testing and help to pinpoint case location.  In the 

province of Salta, the government developed a smartphone application that allowed 
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individuals to record their symptoms and thus, geo-localize that case.  Throughout 

collaborative multidisciplinary work data was accessible to our research group to further 

inform public health actions, perform meta-analysis, better coordinate, and determine 

equitable distribution of monitoring sites.  

Finally, a great advantage of our approach is that after a period of collecting and analyzing 

information and trends, it is possible to determine sentinel sewersheds that can be used for 

the efficient surveillance of the evolution of infectious diseases caused by pathogens 

following the oral-faecal route (i.e. poliovirus). In that case, resource-constrained WBE 

practitioners should also consider monitoring fewer sites more frequently, sacrificing some 

spatial granularity to achieve greater sampling frequency. As an outcome of this successful 

experience in the city of Salta, a surveillance program has been carried out up to date 

monitoring six manholes in a collaboration effort between the company in charge of 

wastewater treatment, the government (Department of Epidemiology), and our research 

group. 

4. Conclusions 

 The app was a good estimator of the actual number of COVID-19 cases in Salta city 

and allowed to geo-localise cases across the metropolitan area, facilitating the 

identification of hot spots where virus spreading was occurring. This was highly 

useful when level of testing was low and positive rate was high therefore, confirmed 

lab cases were underestimated and did not represent the actual epidemiological 

situation. 

 Detection of SARS-COV-2 in wastewater was a good tool for surveillance at the 

sewershed scale thus, confined neighbourhood decision could be made.  

 The tool developed showed correlation with the number of cases reported during the 

study period.  
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 We observed that viral loads of SARS- CoV-2 in wastewater were a feasible means to 

describe the trends of COVID-19 infections. Our results indicate that a SARS-CoV-2 

wastewater surveillance at sewershed scale will provide reliable and useful 

information that can be used by local health stakeholders and policy makers to 

manage responses to the COVID-19 pandemic. 
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Figure 1. Map of Salta city. Thirteen areas, indicated by different colours, were identified as 

represented by wastewater collected at manholes: CM1, CM2, CM3, CM4, CM5, CM6, 

CM8, CM9, CER, SOL, EST, THA, VAR. Light grey areas indicate areas that were not 

covered by the design. 
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Figure 2. Recorded cases of COVID-19 in Salta city by week for the study period. Cases 

confirmed by laboratory testing were recorded in the Argentinean Sanitary Integrated System 

(SISA), while symptomatic individuals were registered in the tracker app SALTA COVID 

(App). 
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Figure 3. Fourteen-days cumulative app-cases reported by sewershed catchment (CER, 

CM1, CM2, CM3, CM4, CM5, CM6, CM8, CM9, EST, SOL, THA, VAR) during the study 

period. 
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Figure 4. Viral SAR-CoV-2 loading for each of the 13 sewershed (CER, CM1, CM2, CM3, 

CM4, CM5, CM6, CM8, CM9, EST, SOL, THA, VAR) with LOESS smoothing over the 

21-weeks study period.  
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Figure 5. Kendall rank correlation analysis for each sewershed with LOESS smoothing 

confidence intervals. Dots represent experimental data from: CM1, CM2, CM3, CM4, CM6 

(n = 11); CER, CM5, CM8, CM9, EST, SOL (n = 10); THA and VAR (n = 7). Blue lines 

indicate the trend-lines (indicated by the equation),  Kendall’s rank correlation coefficient, 

p:  denotes the p-value of  under the null hypothesis of no association (when p < 0.05, reject 

null hypothesis). 

 

t = 0.72, p = 0.004

y = 4.5 + 1.3 x

t = 0.6, p = 0.017

y = 4.1 +  x

t = 0.87, p < 0.001

y = 3.4 + 1.5 x

t = 0.56, p = 0.016

y = 4.1 +  x

t = 0.93, p < 0.001

y = 3.7 + 1.3 x

t = 0.8, p = 0.01

y = 5 + 2.2 x

t = 0.88, p < 0.001

y = 4.6 + 1.2 x

t = 0.72, p = 0.004

y = 3.9 + 1.2 x

t = 0.62, p = 0.034

y = 5.3 + 0.96 x

t = 0.89, p < 0.001

y = 3.4 + 1.3 x

t = - 0.02, p > 0.999

y = 5 - 0.27 x

t = 0.66, p = 0.005

y = 4.7 +  x

t = 0.85, p < 0.001

y = 4.6 + 1.1 x

SOL THA VAR

CM5 CM6 CM8 CM9 EST

CER CM1 CM2 CM3 CM4

0 1 2 3 0 1 2 3 0 1 2 3

0 1 2 3 0 1 2 3

0

2

4

6

8

0

2

4

6

8

0

2

4

6

8

Log weekly reported COVID−19 cases

L
o
g

 (
S

A
R

S
−

C
o
V

−
2
 c

o
n
c
e
n

tr
a
ti
o
n
) Sitio

CER

CM1

CM2

CM3

CM4

CM5

CM6

CM8

CM9

EST

SOL

THA

VAR

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 
 

Figure 6. Spatial-temporal viral concentration (VC) in the city of Salta along the monitoring 

campaigns in 2020. Green: 10
4
 gc/L ≤ VC< 10

5
 gc/L; yellow: 10

5
 gc/L ≤ VC < 10

6 
gc/L; 

orange: 10
6
 gc/L ≤ VC < 10

7 
gc/L; red: 10

7
 gc/L ≤ VC < 10

8 
gc/L. Grey areas (crossed lines) 

indicate areas that were not covered by the design. 
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Figure 7. Weighted average loading by population data from all 13 sewershed catchments 

and daily number of cases registered for Salta city.  
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Graphical abstract 
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Highlights  

 Monitoring SARS-CoV-2 in wastewater at sewershed scale was done in Salta, Argentina 

 Viral concentrations peaks in wastewater preceded cases peaks in most areas 

 App-cases estimated better than SISA-cases the disease prevalence in Salta city 

 Heat maps built with the viral concentrations showed the hot spots for circulation 

 Viral load in wastewater correlated with COVID-19 cases  
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