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Traditional wastewater-based epidemiology (W-BE) relying on SARS-CoV-2 RNA detection in wastewater is at-
tractive for understanding COVID-19. Yet traditional W-BE based on centralized wastewaters excludes putative
SARS-CoV-2 reservoirs such as: (i)wastewaters from shared on-site sanitation facilities, (ii) solidwaste including
faecal sludge from non-flushing on-site sanitation systems, and COVID-19 personal protective equipment (PPE),
(iii) raw/untreated water, and (iv) drinking water supply systems in low-income countries (LICs). A novel hy-
pothesis and decision-support tool based on Wastewater (on-site sanitation, municipal sewer systems), solid
Waste, and raw/untreated and drinking Water-based epidemiology (WWW-BE) is proposed for understanding
COVID-19 in LICs. The WWW-BE conceptual framework, including components and principles is presented. Ev-
idence on the presence of SARS-CoV-2 and its proxies inwastewaters, solidmaterials/waste (papers, metals, fab-
ric, plastics), and raw/untreated surface water, groundwater and drinking water is discussed. Taken together,
wastewaters from municipal sewer and on-site sanitation systems, solid waste such as faecal sludge and
COVID-19 PPE, raw/untreated surfacewater and groundwater, and drinkingwater systems in LICs act as potential
reservoirs that receive and harbour SARS-CoV-2, and then transmit it to humans. Hence, WWW-BE could serve a
dual function in estimating the prevalence and potential transmission of COVID-19. Several applications of
WWW-BE as a hypothesis and decision support tool in LICs are discussed. WWW-BE aggregates data from vari-
ous infected persons in a spatial unit, hence, putatively requires less resources (analytical kits, personnel) than
individual diagnostic testing, making it an ideal decision-support tool for LICs. The novelty, and a critique of
WWW-BE versus traditional W-BE are presented. Potential challenges of WWW-BE include: (i) biohazards
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and biosafety risks, (ii) lack of expertise, analytical equipment, and accredited laboratories, and (iii) high uncer-
tainties in estimates of COVID-19 cases. Future perspectives and research directions including key knowledge
gaps and the application of novel and emerging technologies in WWW-BE are discussed.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

SARS-CoV-2 is the etiologic agent causing the human coronavirus
disease-2019 (COVID-19) nowa global pandemic,with over 234million
confirmed cases and nearly 5million deaths having been reported glob-
ally as of end of September 2021 (JHU, 2021). To date, COVID-19 has
spread globally to include low-income countries (LICs) in Africa, the Ca-
ribbean region, south-east Asia, and Latin America (Ahmed et al., 2021a;
Del Brutto et al., 2021; Fiesco-Sepúlveda and Serrano-Bermúdez, 2020;
Kumar et al., 2020a; Miller et al., 2020; Nachega et al., 2020). In LICs,
healthcare, social security and regulatory systems are weak, while fi-
nancial resources and diagnostic facilities for mass individual testing,
and data on COVID-19 prevalence are severely lacking (Gwenzi,
2020a, 2020b; Gwenzi and Rzymski, 2021). Yet reliable data on
COVID-19 burden and transmission are critical for the prioritization
and deployment of scarce resources including protective equipment
(PPE), and emergence response systems (Petrosino et al., 2021).
Wastewater-based epidemiology (W-BE) entailing the detection of
SARS-CoV-2 and its proxies in wastewater may provide cues on
COVID-19 prevalence in cases where comprehensive surveillance data
are lacking (Daughton, 2020a, 2020b; Medema et al., 2020a, 2020b;
Scott et al., 2021; Street et al., 2020). Recent evidence drawn largely
from several high-income countries (e.g., Australia, Germany, France,
Israel, Italy, Netherlands, Spain, the USA) shows that SARS-CoV-2 RNA
in raw/untreatedmunicipalwastewater anticipated COVID-19 outbreak
before the first confirmed official cases (Ahmed et al., 2020; Hart and
Halden, 2020; Medema et al., 2020a, 2020b; Randazzo et al., 2020;
Scott et al., 2021; Wurtzer et al., 2020).

Barring data drawn from high-income countries, studies applying
W-BE in LICs are scarce. Yet W-BE presents immense opportunities to
understand COVID-19 in low-income settings (Bhattacharya et al.,
2021). Currently, W-BE is predominantly limited to raw/untreated
wastewaters from centralized municipal sewer systems (Ahmed et al.,
2

2020; Hart and Halden, 2020; Medema et al., 2020a, 2020b). This is
probably because this is the dominant sanitation system in developed
countries where the tool was first developed, and later used for
COVID-19 surveillance (Daughton, 2012; Medema et al., 2020a,
2020b). In LICs, other putative reservoirs of SARS-CoV-2 similar to
municipal wastewaters include: (i) wastewaters/effluents, faecal
sludge and bioaerosols from shared or decentralized on-site sani-
tation facilities (e.g., septic tanks, bucket latrines, pit latrines)
(Adelodun et al., 2020; Amoah et al., 2021; Caruso and Freeman,
2020; Street et al., 2020), (ii) raw/untreated surface water and
groundwater systems receiving raw/untreated or partially treated
sewage (Fongaro et al., 2021; Guerrero-Latorre et al., 2020;
Mahlknecht et al., 2021), (iii) solid wastes such as faecal sludge
from non-flushing on-site sanitation systems and COVID-19 PPE,
and (iv) unsafe drinking water sources.

Recent studies have detected SARS-CoV-2 RNA in environmental
settings relevant to surveillance of COVID-19 in LICs including: (i) on-
site sanitation and toilet systems (Amoah et al., 2021; Del Brutto et al.,
2021; Liu et al., 2021; Meng et al., 2020; Peccia et al., 2020a, 2020b;
Zhang et al., 2020a), and (ii) raw/untreated surface water and ground-
water systems receiving raw/untreated or partially treated sewage
(Guerrero-Latorre et al., 2020; Kolarević et al., 2021; Rimoldi et al.,
2020; Mahlknecht et al., 2021; Maidana-Kulesza et al., 2021). Such
raw/untreated surface water and groundwater systems serve as drink-
ing water sources in low-income settings, where such water is often
consumed without treatment. Data also show that coronaviruses,
SARS-CoV-2 and their proxies occur and persist on solid materials
such as metals, paper, wood, plastic, cloth, and even COVID-19 PPE
(Chin et al., 2020; Kasloff et al., 2021; Lui et al., 2020; Pastorino et al.,
2020; van Doremalen et al., 2020). Hence, one may infer that SARS-
CoV-2 may also persist on solid wastes including faecal sludge from
non-flushing on-site sanitation systems and COVID-19 PPE from in-
fected persons.
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Traditional W-BE is narrow, because it is silent on application of
wastewaters in on-site sanitation facilities, solid wastes such as faecal
sludge from non-flushing on-site sanitation systems and COVID-19
PPE, raw/untreated surface water and groundwater, and raw/untreated
drinkingwater as potential environmental media for SARS-CoV-2mon-
itoring. This omissionmakes traditionalW-BE less relevant and applica-
ble in low-income settings without centralized wastewater treatment
systems, and where environmental surveillance tools are most needed
due to severe lack of resources for comprehensive diagnostic testing of
individuals. This exclusion is understandable, and attributed to the fact
that, due to efficient multi-barrier systems such as solid waste manage-
ment systems, advanced wastewater treatment systems, and the avail-
ability of clean drinkingwater from advanced treatment processes, such
environmental media are not considered as key reservoirs of SARS-CoV-
2 in developed countries (Nghiem et al., 2020; Randazzo et al., 2020). In
contrast, LICs lack such multi-barrier systems such as proper and effec-
tive advanced solid waste management systems, and drinking water
and wastewater treatment systems to effectively remove SARS-CoV-2.
Moreover, treatment systems for both wastewater and drinking water
are predominantly based on conventional processes, and are often
poorlymaintained, overloaded and inefficient. This is due to low invest-
ment in wastewater and water treatment infrastructure, coupled with
rapid urban population growth and demand for services.

The present paper posits that wastewaters both from centralized
municipal sewer and on-site sanitation facilities, solid wastes such as
faecal sludge from non-flushing on-site sanitation systems and COVID-
19 PPE, raw/untreated surface water and groundwater, and drinking
water systems receive and harbour SARS-CoV-2 from various sources
in a community or catchment, and then further transmit it to humans.
Therefore, in addition to raw/untreated wastewaters from centralized
systems, recent empirical and inferential evidence suggests that
environmental surveillance in LICs should be extended to include four
additional components; (i) raw/untreated wastewater/effluents from
on-site sanitation systems, (ii) raw/untreated surface water and
groundwater, (iii) drinking water systems, and (iv) solid wastes.
Collectively, this extension of traditional W-BE constitutes the novel
Table 1
A summary of thepotentialmerits, criticisms, counter-arguments, and possible solutions associa

Merits and opportunities Potential criticisms and lim

(1) WWW-BE builds on and extends W-BE, making
WWW-BE potentially more ideal for low-income settings.

(1) Lack of global prior art
lead to scepticism by the p
decision- and policy-make

(2) WWW-BE modularity imparts potential flexibility and
adaptability to diverse settings on a case-by-case basis.

(2) Heterogeneity, samplin
persistence of SARS-CoV-2
constrain the use of solid w

(3) WWW-BE could serve a dual function to estimate the
burden and potential transmission of COVID-19 in a spatial
domain.

(3) Biosafety and human h
with sampling, processing
WWW-BE media.

(4) Similar to W-BE, WWW-BE aggregates data, thus
putatively requires less samples, time, and resources than
conventional diagnostic individual testing.

(4) WWW-BE poses signifi
cost constraints in disperse

(5) WWW-BE could account for asymptomatic,
oligosymptomatic and presymptomatic infected people,
and those who may undergo self-isolation or quarantine
without clinical testing.

(5) Bioethics and socio-cul
associated with sampling o
and dissemination of resul

(6) As a hypothesis and decision-support tool, WWW-BE
has a potential to be extended beyond COVID-19 to other
human infections in LICs such as cholera and typhoid.

(6) Lack of data, and valida
forward-calculations to sup

(7) WWW-BE could change the environmental surveillance
paradigm in LICs, and presents translational research
opportunities to pilot test, validate, and apply the
hypothesis and decision-support tool.

(7) WWW-BE based COVID
entail high uncertainties du
analytical, and calculation

3

Wastewater, Waste and Water-based epidemiology (WWW-BE) hy-
pothesis and decision-support tool.

PartitioningWWW-BE into three components, and the use of the ac-
ronym serve two functions: (i) to distinguish WWW-BE from tradi-
tional W-BE based solely on centralized wastewater systems and its
limitations, and (ii) to highlight the need to consider the three compo-
nents as separate but complementary SARS-CoV-2 monitoring media
in low-income settings. As a hypothesis and decision support tool,
WWW-BE could serve a dual function in estimating the prevalence
and potential transmission of COVID-19. This potential dual function
of WWW-BE is critical in understanding and mitigating COVID-19 in
LICs.

The purpose of the present paper is to draw the attention of the re-
search community, governments, local and international development
agencies, and practitioners to WWW-BE as a potential novel low-cost
tool for understandingCOVID-19. The specific objectives are: (i) to pres-
ent the rationale and conceptual framework, including components and
key principles of WWW-BE in LICs, (ii) to discuss the empirical and in-
ferential evidence underpinningWWW-BE, (iii) to present the potential
applications, novelty, critique, and challenges ofWWW-BE as a hypoth-
esis and decision-support tool (Table 1), and (iv) to propose future re-
search directions, including key knowledge gaps, and application of
emerging technologies. Fig. 1 depicts the focal points of the present
paper, including theWWW-BE conceptual framework, and its potential
applications, opportunities, challenges and research needs as a hypoth-
esis and decision-support tool for understanding COVID-19 in LICs.

2. Moving beyond traditionalW-BE toWWW-BE in LICs: A conceptual
framework

2.1. Background and rationale

LICs have several risk drivers and factors predisposing its human
population to the transmission and health risks of COVID-19, but lack
capacity to effectively cope with infectious diseases of such magnitude.
These risk factors include (Gwenzi, 2020a, b; Gwenzi and Rzymski,
tedwith theWWW-BE as a hypothesis anddecision-support tool in low-income countries.

itations Counter-arguments and potential solutions

and validation may
ublic, funders, and
rs.

This is a cross-cutting limitation, because no prior art and
validation evidence exist in LICs even for W-BE. Research is
required to validate, pilot test, and applyWWW-BE to develop
the scientific evidence base to build confidence in the tool.

g difficulties, and low
on solid waste may
aste in epidemiology.

Solid media such as wastewater sludge has been sampled
and used in epidemiology. SARS-CoV-2 and its proxies
persist on solid materials. Sampling and sample preparation
methods need to be developed and validated for solid waste.

ealth risks associated
and disposal of

This is cross-cutting, and relevant to both WWW-BE and
W-BE. Accredited laboratories with skilled personnel and
high biosafety protocols are needed in LICs.

cant logistical and
d communities.

W-BE and diagnostic testing also face significant challenges
in such settings. WWW-BE can be adapted to fill the gap by
targeting on-site sanitation facilities. Mobile testing units,
and rapid low-cost sensors need to be developed to support
WWW-BE.

tural intrusion
f WWW-BE media,
ts.

Similar to W-BE, WWW-BE is less intrusive than individual
testing. WWW-BE outputs should presented as aggregated
or clustered data rather than for individual households.
Similar to other human health- related research, approvals
and consent are required for WWW-BE.

ted tools for back-and
port WWW-BE.

Current W-BE tools, and those based on artificial intelligence
and big data analytics can also be adapted, developed and
validated through a comprehensive WWW-BE research
programme entailing the acquisition of relevant data.

-19 estimates may
e to sampling,

errors.

This is cross-cutting, because uncertainity is also high for
W-BE. This calls for further research to refine the analytical
tools and address this potential limitation for bothWWW-BE
and W-BE.



Fig. 1. The Wastewater, Waste and Water-based epidemiology (WWW-BE) conceptual framework, and its potential applications, opportunities, challenges and research needs as a
hypothesis and decision-support tool for understanding COVID-19 in low-income countries.
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2021): (i) weak and poorly-funded healthcare and social security sys-
tems, (ii) poor solid waste and wastewater management systems, (iii)
weak research systems leading to a poor local evidence base, (iv) lack
of environmental and public health surveillance systems, including di-
agnostic facilities, (v) lack of clean drinking water, and (vi) chronic
shortages of essential goods and services including housing, leading to
over-crowding and informal settlements lacking improved water and
sanitation facilities. These risk factors are discussed in detailed in earlier
papers focusing on low-income regions including Africa (Gwenzi,
2020a, b; Gwenzi and Rzymski, 2021). The weak research systems,
and their impacts on the response of LICs to COVID-19 are discussed
in an earlier paper focusing on Africa (Gwenzi and Rzymski, 2021).

Although a number of COVID-19 vaccines have been developed and
are currently being administered in several countries, the coverage of vac-
cination programmes remains low in most LICs due to limited resources
and lack of reliable cold chain systems for the storage, distribution, and
4

transportation of vaccines (Acharya et al., 2021). Hence, COVID-19 control
still relies mainly on social distancing, use of PPE, and frequent hand-
washing to minimize transmission via human-human contact, fomites
and respiratory droplets (WHO, 2020).

COVID-19 exerts excessive pressure on scarce resources (PPE,
healthcare systems, healthcare workers) and even the supply chain sys-
tems for COVID-19 essential goods such as PPE and ventilators. Accurate
data on the prevalence and transmission of COVID-19 are critical in the
targeting and prioritization of scarce resources. Most LICs lack diagnos-
tic equipment (i.e., PCR kits) for comprehensive mass testing, because
such equipment is expensive, and the testing procedure is often time-
consuming. For example, a typical COVID-19 PCR test costs approxi-
mately 50 US$/test (Atkeson et al., 2020), while reagents cost about
15 US$ per PCR kit (Hart and Halden, 2020). Based on data from devel-
oped countries, a COVID-19 PCR test has a turn-around time of about
48 h (Beeching et al., 2020). The cost of the PCR kits, reagents, and
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testing, and the time required for COVID-19 testing may vary among
countries depending on levels of economic development and logistics
(Hart and Halden, 2020). High testing costs and turn-around times are
expected in LICs due to limited diagnostic testing capacity and logistical
constraints (Gwenzi, 2020a, b; Gwenzi and Rzymski, 2021). Logistical
constraints such as inaccessibility and poor transport systems make it
difficult to reach rural communities in remote areas where awareness
about COVID-19 and its health effects remain low. However, anecdotal
evidence suggests that remote and inaccessible areas such as rural
areas in Africa (e.g., Zimbabwe) seem to have low cases of COVID-19.
The reasons for this trend are unclear, but this could be attributed to
limited human-human interactions and low population densities in
rural settings compared to urban areas. Others may also argue that in-
digenous populations seem to have limited COVID-19 outbreaks. The
reasons for the limited COVID-19 outbreaks in rural areas, and among
indigenous people in LICs require more detailed research. Once
COVID-19 outbreaks occur in such remote and inaccessible area, the
risks and impacts could be quite significant. This is because of a severe
lack of essential services including healthcare facilities, isolation/quar-
antine centres, and PPE. Ironically, such remote communities may also
lack access to COVID-19 vaccines and information on the prevention
and control of COVID-19. Due to limited capacity for comprehensive
COVID-19 testing, the exact prevalence or burden of COVID-19 in LICs
remains unknown. Yet without data on COVID-19 prevalence, efficient
planning and implementation of COVID-19 control measures present
significant challenges.

The need for rapid and low-cost monitoring of the prevalence and
trends of COVID-19 has been long recognized (Daughton, 2020a, b). En-
vironmental surveillance, including the proposed WWW-BE is one
novel tool for understanding the prevalence of COVID-19 at community
level. To date, traditional W-BE has been used in several developed
countries including Italy, Australia, the USA, Netherlands and Spain,
among others because a large population in such countries has access
to centralized wastewater facilities (Hart and Halden, 2020; Medema
et al., 2020a, b; Randazzo et al., 2020).

Data are still limited on the application of environmental surveil-
lance in LICs. For example, in Africa a continentwith 56 countries, an in-
ternet search of scholarly databases such as Google Scholar only gave
two articles on W-BE of COVID-19 both by South African researchers;
(i) a review or perspective paper focusing on Africa (Street et al.,
2020), and (ii) a data-based paper reporting SARS-CoV-2 viral loads of
between 0 and 7.32 × 105 copies/100 mL in wastewater influent in
four wastewater treatment plants in Kwazulu-Natal (Pillay et al.,
2021). Like studies conducted in developed countries, the study by
Pillay et al. (2021)was limited to centralizedwastewater treatment sys-
tems, because it excluded other components of WWW-BE.

The call for a shift from traditional W-BE to WWW-BE is motivated
by several reasons unique to LICs. First, a large population in urban,
peri-urban and rural areas in LICs lack access to centralized municipal
wastewater systems, thus COVID-19 cases based on traditional W-BE
will exclude a significant portion of the population. Second, several
risk factors and drivers make WWW-BE more pertinent to such low-
income settings than developed ones. These risk factors/drivers include:
(i) lack of comprehensive and effective multi-barrier system such as
engineered sanitary landfills, incinerators, and advanced wastewater
and water treatment systems to safeguard public health, (ii) weak and
poorly enforced environmental and public health regulations and poli-
cies leading to severe environmental pollution including that of aquatic
systems, (iii) unhygienic recycling and reuse of post-consumer packag-
ing materials collected from solid waste repositories, and (iv) over-
reliance on raw/untreated drinking water from unsafe sources prone
to faecal contamination. This is contrary to advanced multi-barrier sys-
tems and regulations in developed countries that reduce the risk of
SARS-CoV-2 transmission through wastewater, solid wastes and drink-
ingwater (Nghiemet al., 2020; Randazzo et al., 2020). Therefore, waste-
waters, solid wastes, raw/untreated water sources, and drinking water
5

systems in LICs act as potential reservoirs that receive and harbour
SARS-CoV-2 originating from several sources with infected persons in
a community or catchment, including households, quarantine/isolation
centres (Ahmed et al., 2021a, b), funeral industry, and healthcare facili-
ties, and then further transmit it to humans. This enables WWW-BE to
serve a dual purpose of estimating both prevalence and potential trans-
mission of COVID-19.

2.2. Fundamental principles of WWW-BE

As discussed earlier, WWW-BE has three complementary compo-
nents (wastewater, solid waste, water) (Fig. 2). In the context of low-
income settings, the partitioning of WWW-BE into the three compo-
nents, and the use of the acronym serve a dual function: (i) to distin-
guish it from the traditional W-BE based on centralized sewer
systems, and its limitations, and (2) to highlight and draw researchers'
attention to the urgent need to consider the three components as sepa-
rate but complementary monitoring media for SARS-CoV-2. Note that
lumping the WWW-BE components, and referring to the framework
as W-BE will negate the primary objectives of the proposed concept,
and confound or blur the differences betweenWWW-BE and the tradi-
tionalW-BE. The lumping ofWWW-BE components under the umbrella
term ‘wastewater’maypartly explain the apparent proliferation of stud-
ies on municipal wastewaters and traditional W-BE at the expense of
other components of WWW-BE.

The fundamental principle underlyingWWW-BE is that SARS-CoV-2
and its proxies such as viral RNA occur and persist in the four target en-
vironmental media: (i) solid wastes such as faecal sludge from non-
flushing on-site sanitation systems, and COVID-19 PPE, (ii) raw/un-
treated wastewaters from municipal sewer systems, (iii) wastewaters/
effluents from on-site sanitation facilities, and (iv) raw/untreated sur-
face water, groundwater, and drinking water systems. In addition,
SARS-CoV-2 or its proxies should occur in concentrations high enough
and above the limit of detection of the existing analytical techniques
such as qRT-PCR. Finally, the available analytical methods for SARS-
CoV-2 and its proxies should be able to detected both viable and non-
viable viral particles. This is important in order to account for both
forms in case viable SARS-CoV-2 has a short half-life in one of the target
WWW-BE environmental media.

The dual function ofWWW-BE in estimating both the prevalence and
potential transmission patterns of COVID-19 via environmental media at
various spatio-temporal scales requires back- and forward-calculation of
COVID-19 cases from WWW-BE data. A detailed discussion of the algo-
rithms and techniques for back-and forward-calculation are beyond the
scope of the present study. Briefly, generic tools for back-and forward-
calculation and analysis of WWW-BE data may entail application of the
following (Ahmed et al., 2020; Hart and Halden, 2020; Li et al., 2021;
Pillay et al., 2021): (i) conventional univariate andmultivariate statistics
(e.g., Bayesian techniques), (ii) in silico or computational analysis or
modelling, including the use of probabilistic or stochastic tools such as
Monte Carlo simulation, and (iii) application of big data analytical tools
(e.g., machine learning, artificial intelligence, data mining, network anal-
ysis), among others. Similar applications of these analytical tools in tradi-
tional W-BE (Ahmed et al., 2020; Daughton, 2018; Hart and Halden,
2020; Li et al., 2021) point to the feasibility to develop and adapt such
tools for WWW-BE. The development and validation of WWW-BE is a
non-trivial task that requires strong collaboration across traditionally dis-
parate disciplines. These include those with expertise in analytical (bio)
chemistry, immunochemistry, environmental/civil engineering, waste-
water treatment operations, computer modelling, mathematics/statis-
tics, clinical sciences, pharmacology and toxicology, infectious diseases
and public health, microbiology (e.g., virology, epidemiology, social/be-
havioural sciences, and risk and science communication (Daughton,
2020a, b; Gwenzi and Rzymski, 2021).

Once developed and validated, WWW-BE has a number of potential
merits relative to mass clinical surveillance (Table 1). First, it provides a



Fig. 2. TheWastewater, Waste andWater-based epidemiology (WWW-BE) conceptual framework depicting: (1) Components: (i) wastewater-based epidemiology (W-BE) consisting of
two sub-components, wastewaters from centralized sewer systems (i.e., traditionalW-BE) and on-site sanitation systems, (ii) solid waste epidemiology (SW-E), (iii) raw/untreatedwater
epidemiology (RW-E) including surfacewater and groundwater systems, and (iv) drinkingwater epidemiology (DW-E), (2) Dual function ofWWW-BE in estimating: (i) COVID-19 prev-
alence via shedding from infected persons, and (ii) subsequent potential SARS-CoV-2 transmission fromWWW-BE media to non-infected persons, and (3) Dissemination pathways and
circulation of SARS-CoV-2 among the various WWW-BE compartments via hydrological processes, material flows, and vectors/vermin.
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snapshot of the COVID-19 outbreak situation in the entire spatial do-
main of interest by testing aggregate wastewater, solid waste, raw/
untreatedwater sources, and drinkingwater samples, while clinical sur-
veillance needs a large number of individual samples. This requires
more time and resources for sample collection and testing, which is
not always feasible in most LICs, and even in some developed countries.
WWW-BE can also account for asymptomatic, oligosymptomatic and
presymptomatic infected people, and those who may undergo self-
isolation or quarantine without clinical testing. The inclusion of the
asymptomatic infected persons is critical because studies show that
the SARS-CoV-2 viral loads from asymptomatic infection are often sim-
ilar to that of symptomatic patients (Hata and Honda, 2020; Tang et al.,
2020). For SARS-CoV-2, the estimated ratio of asymptomatic infection is
as high as 18–32% of total SARS-CoV-2 infections, which is similar to
that of norovirus (Nishiura et al., 2020). WWW-BE can be considered
as amore encompassing andflexible tool given itsmodularitywhile tra-
ditional W-BE is relatively rigid due to its focus only on raw/untreated
wastewater from centralized systems.

The present proposal to develop, validate and apply WWW-BE for
the surveillance of COVID-19 and other related future pandemics reso-
nates well with earlier calls advocating for the widespread adoption of
W-BE for addressing the COVID-19 pandemic (Daughton, 2020a, b;
Hart and Halden, 2020; Orive et al., 2020; Street et al., 2020). Here, the
summary evidence which forms the basis of WWW-BE, and the current
application status of each epidemiology in COVID-19 surveillance are
presented. For brevity, comprehensive reviews of the presence and be-
haviour of coronaviruses, SARS-CoV-2 and their proxies in the environ-
mental are beyond the scope of the present study. Instead, reference is
made to earlier studies and reviews on the presence of coronaviruses
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and their proxies in the environmental media relevant to WWW-BE in
caseswhere they exist (e.g., Kitajima et al., 2020 in the case of wastewa-
ters, Nghiem et al., 2020; Bueckert et al., 2020; Onakpoya et al., 2021 for
solid waste).

In the present paper, and in the context of the potential applications,
each of the (sub)-components ofWWW-BE is presented as an ‘epidemi-
ology’ (i.e., on-site sanitation wastewater epidemiology, solid waste ep-
idemiology, raw/untreated and drinking water epidemiology) (Fig. 2).
This notation corresponds to the current notion where the use of raw/
untreated municipal wastewater in human disease surveillance is re-
ferred to as W-BE (Daughton, 2020a, b).

3. SARS-CoV-2 inWWW-BE environmentalmedia: A summary of the
empirical and inferential evidence

3.1. Wastewater epidemiology

The two types of W-BE, one based on raw/untreated wastewaters
from centralized wastewater systems (traditional W-BE), and the
other one on wastewaters/effluents in on-site sanitation facilities (sep-
tic tanks, pit latrines) share similar principles. However, salient differ-
ences exist, and these are summarized under each epidemiology.

(1) The human gut and faeces as SARS-CoV-2 reservoirs

The two types ofW-BE rely on the proliferation of SARS-CoV-2 in the
human gut of infected persons (Pan et al., 2020; Xu et al., 2020; Zhang
et al., 2020b). Subsequently, approximately 600,000 (Zhang et al.,
2020b) to 30,000,000 (Wölfel et al., 2020) viral genomes of SARS-CoV-



W. Gwenzi Science of the Total Environment 806 (2022) 150680
2 per mL of faecal material are shed in faeces of infected persons
(oligosymptomatic, asymptomatic, symptomatic). The SARS-CoV-2-
laden faeces are then discharged into wastewater and on-site sanitation
systems (Medema et al., 2020a, b; Hart and Halden, 2020; Zhang et al.,
2020a). In fact, SARS-CoV-2 RNA detection and stability in wastewaters
are some of the most studied environmental aspects of COVID-19
(Randazzo et al., 2020; Scott et al., 2021; Wurtzer et al., 2020; Zhang
et al., 2020a; Westhaus et al., 2021). SARS-CoV-2 RNA detection in
wastewaters has been reported in several locations, including
Amsterdam, Netherlands (Medema et al., 2020a, b), Paris, France
(Wurtzer et al., 2020), Milan, Italy (La Rosa et al., 2020; Rimoldi et al.,
2020), Brisbane, Australia (Ahmed et al., 2020), Massachusetts, Boze-
man/Montana, Louisiana, USA (Nemudryi et al., 2020; Sherchan et al.,
2020; Wu et al., 2020), different cities and wastewater facilities in
Israel (Bar Or et al., 2020); Istanbul, Turkey (Kocameni et al., 2020), Va-
lencia, Spain (Randazzo et al., 2020), and Yamanashi Prefecture, Japan
(Haramoto et al., 2020). A few studies also observed SARS-CoV-2 RNA
in secondary effluents from wastewater treatment plants. In Spain, 2
out of 18 secondary effluent samples tested positive (Randazzo et al.,
2020), while in Paris, France, treated wastewater also tested positive
(Wurtzer et al., 2020). A study in China observed SARS-CoV-2 RNA in
hospital wastewater disinfected by chlorination in a septic tank, but
no residual chlorine was detected in the effluent (Zhang et al., 2020a).

Existing evidence on SARS-CoV-2 RNA detection in wastewaters is
dominated by studies drawn from developed regions, while those
from LICs are comparatively very limited. Exceptions are: (i) one
study from Ahmedabad, Gujarat, India which detected SARS-CoV-2 in
2 out of 2 influent wastewater samples, while the effluent samples
tested negative (Kumar et al., 2020b), and (ii) a study reporting SARS-
CoV-2 viral RNA in wastewater influent sampled from four wastewater
treatment plants in Kwazulu-Natal (Pillay et al., 2021).

(2) Global evidence on traditional wastewater-based COVID-19
epidemiology

The presence and stability of SARS-CoV-2 RNA in raw/untreated
wastewater are the underlying principles for W-BE. Wastewater or
sewage-based epidemiology (W-BE)wasfirst reported in the1970s, ad-
vancing steadily over the last 15 years to include: (i) licit and illicit
drugs, (ii) human viral infections including polio and hepatitis A (Choi
et al., 2018; Daughton, 2020a, b), and (iii) recently, SARS-CoV-2
(Ahmed et al., 2020; Kumar et al., 2020a, b; Randazzo et al., 2020;
Scott et al., 2021). Similar to SARS-CoV-2 detection in wastewaters,
the bulk of the studies on W-BE are limited to developed countries in
Europe (e.g., Netherlands, Spain, Italy, France), Australia (Ahmed et al.,
2020), and the USA (Hart and Halden, 2020) with a few recent excep-
tions in Asia and Latin America (Kumar et al., 2020a, b). In these earlier
studies, the potential of W-BE as a COVID-19 early warning system has
been reported in a number of studies using raw/untreated wastewater
from centralized systems. For example, in three municipalities in
Spain (Lorca, Cieza and Totana), SARS-CoV-2 RNA was reported in
raw/untreated wastewater 12–16 days prior to the official reported
cases of COVID-19 (Randazzo et al., 2020). In the USA, SARS-CoV-2
RNA data corrected for time lags were highly and positively correlated
with the following COVID-19 data (r2 = 0.99): (i) local hospital admis-
sions, and (ii) the epidemiological curve (Peccia et al., 2020a, b). As an
earlywarning systemor lead indicator, SARS-CoV-2 RNAconcentrations
in wastewaters were three and seven days ahead of COVID-19 data
based on local hospital admissions and diagnostic testing, respectively
(Peccia et al., 2020a, b). In Paris (France), the detection of viral RNA in
wastewaters was ahead of the COVID-19 pandemic (Wurtzer et al.,
2020), while in Italy, SARS-CoV-2 RNA was observed in wastewaters
weeks before the first confirmed COVID-19 case (Randazzo et al.,
2020). The capacity of W-BE to detect other human pathogens earlier
than clinical data has also been reported in the case of norovirus and po-
liovirus (Hata and Honda, 2020). These lead times provide ample time
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for decision-makers and practitioners to activate and deploy COVID-
19 emergency response systems. However, studies applying W-BE in
LICs as a stand-alone tool or as part of a decision-support tool within
the broader WWW-BE are still limited, but very few exceptions exist
(Kumar et al., 2020a, b; Pillay et al., 2021).

3.1.1. Traditional centralized wastewater epidemiology in LICs
Based on the data on SARS-CoV-2 detection in wastewaters two in-

ferences relevant to W-BE in LICs can be made: (i) SARS-CoV-2 RNA in-
variably occurs in raw/untreated wastewater from catchments with
COVID-19 infected people with typical concentrations in the ranges of
approximately 3 to 40 gene equivalents (Ahmed et al., 2020; Medema
et al., 2020a, b; Westhaus et al., 2021), and (ii) compared to advanced
treatmentprocesses used in developed countries, traditionalwastewater
treatment systems typical of those used in most LICs have low capacity
to remove SARS-CoV-2 because they are often dilapidated, overloaded
and hence inefficient. Raw/untreated and partially treated wastewater
from conventional wastewater treatment plants are often discharged
into surface water and groundwater systems supplying drinking water.
These inferences are consistent with the general observation that raw/
untreated wastewater often has high levels of pathogens, while second-
ary and tertiary treatment effluents often havemediumand low levels of
pathogens, respectively (Wang et al., 2019; Venugopal et al., 2020). In-
deed, a few studies from South Africa and India applied traditional W-
BE as a stand-alone tool to understand the prevalence of COVID-19
(Kumar et al., 2020a, b; Pillay et al., 2021).

3.1.2. On-site sanitation epidemiology
Globally, approximately 2 billion people, the bulk of them in low-

income settings and informal settlements in rural, peri-urban, and
urban areas including refugee camps, squatter camps, and slums rely
on shared on-site sanitation facilities. For example, approximately 32%
of urban sanitation facilities in sub-Saharan African is shared, one of
the highest figures in the world (Caruso and Freeman, 2020). Shared
sanitation facilities are also common in public institutions such as
healthcare facilities, formal and informal markets, educational institu-
tions (e.g., kindergartens, primary and secondary schools, colleges/uni-
versities), and COVID-19quarantine centres. Likemunicipalwastewater
systems, shared on-site sanitation facilities may harbour SARS-CoV-2
shed by various infected persons in a spatial unit, hence can be used
for W-BE to understand the prevalence and dissemination of COVID-
19. Currently, limited direct data are available on SARS-CoV-2 in envi-
ronmental media from on-site sanitation facilities, and their use for
COVID-19 surveillance in LICs. Here, the limited evidence relevant to
WWW-BE is summarized.

(1) On-site sanitation facilities have putatively higher SARS-CoV-2
than municipal wastewaters

The proliferation and shedding of SARS-CoV-2 in the gut of infected
persons (Tang et al., 2020) lead to the subsequent direct release of
SARS-CoV-2-laden faeces into on-site sanitation facilities. On-site sani-
tation facilities (septic tanks, pit latrines) are not specifically designed
to remove human pathogens including SARS-CoV-2, thus such systems
are expected to attain low removal of SARS-CoV-2. Moreover, shared
on-site sanitation facilities including septic tanks and non-flushing pit
latrines have limited dilution effects, and have short travel distances be-
tween the source of the SARS-CoV-2-laden faeces (i.e., infected person
using the sanitation facility) and the ultimate receptor (i.e., sanitation
facility). This is contrary to centralized wastewater treatment systems
where concentration of SARS-CoV-2 may be reduced by: (i) significant
dilution via flushing and mixing with surface run-off/storm-water,
and (ii) viral die-off due to relatively longer transit times in sewer sys-
tems. Thus, wastewaters/effluents from on-site sanitation systems are
expected to have putatively higher concentrations of SARS-CoV-2 and
its proxies than raw/untreated wastewater from centralized systems.
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(2) Presence of SARS-CoV-2 RNA in wastewaters and fomites from
on-site sanitation and toilet environments

Shared on-site sanitation facilities including septic tanks, non-
flushing pit latrines, andflushing toilets are potential SARS-CoV-2 reser-
voirs and transmission hotspots (Zhang et al., 2020a; Caruso and
Freeman, 2020; Gormley et al., 2020). A few studies have investigated
and reported SARS-CoV-2 RNA in on-site sanitation environments (Liu
et al., 2020; Zhang et al., 2020a; Del Brutto et al., 2021). One case-
control study conducted in a rural Ecuadorian village severely hit by
COVID-19 showed that the inner and upper walls of 24 out of 48 la-
trines, and 12 out of 49 flushing toilets had significantly higher SARS-
CoV-2 RNA than the paired control-houses, with a probability
(p) equal to 0.014 (McNemar's test) (Del Brutto et al., 2021). A signifi-
cantly higher number of SARS-CoV-2–seropositive persons was ob-
served among those using latrines than flushing toilets and the control
(p = 0.002). Comparison of data for latrines versus flushing toilets
showed that the odds of detecting SARS-CoV-2 RNA in latrines were
five times that of flushing toilets. A recent study published as a pre-
print has applied W-BE to detect SARS-CoV-2 RNA in on-site sanitation
facilities in Bangladesh (Jakariya et al., 2021). This study points to the
possibility to usewastewater and faecal sludge in on-site sanitation sys-
tems for SARS-CoV-2 surveillance.

A study conducted in ThekwiniMunicipality in Durban, South Africa
investigated the occurrence of SARS-CoV-2 viral loads on five contact
surfaces (toilet seat, cistern handle, floor surface located in front of the
toilet, tap in hand-wash basin, internal pull latch of the cubicle door)
in eight shared toilets in two peri-urban informal settlements (Amoah
et al., 2021). Results showed that 54 to 69% of the toilet contact surfaces
tested positive for SARS-CoV-2 RNA with viral loads ranging between
28.1 and 132.7 gene copies (gc) per cm2. The mean (± standard devia-
tion) concentration of SARS-CoV-2 RNA per area swabbed varied signif-
icantly among the contact surfaces (p ≤ 0.05) with the highest values
being observed for the toilet seats (132.9 ± 39.8 gc/cm2), followed by
the cistern handle (69.1 ± 21.6 gc/cm2), and then internal latch
(60.1± 14.5 gc/cm2). The highest concentrations observed on the toilet
seat indicate viral shedding in faeces. The overall pattern of SARS-CoV-2
contamination of contact surfaces was consistent with surfaces easily
contaminated with faeces and/or touched by users of the shared toilet.
Hence, for a one time use of the shared toilet, the risk of human infection
with COVID-19 through the contact surfaces was greatest for the toilet
seat (mean ± standard deviation: 1.76 × 10−4 ± 1.58 × 10−6). Note
that the study was conducted when the reported active COVID-19
cases in South Africa were still low (circa 600,000), and the risk was es-
timated for a one time use of the shared toilet. Hence, one may expect
the severity of contamination and potential risk of community trans-
mission to increase with increasing COVID-19 cases, and frequency of
use of the shared toilets. This is particularly true for women and girls
given their more frequent use of shared sanitation facilities than their
male counterparts.

At Wuchang Fangcang Hospital in China, effluent from a septic tank
treating hospital wastewater tested positive for SARS-CoV-2 RNA after
initial chlorination with sodium hypochlorite at a dosage of 800 g/m3

(Zhang et al., 2020a). The absence of free chlorine in the septic tank efflu-
entmay explain the presence of SARS-CoV-2RNA. Thesefindings point to
the following: (i) depending on dosage, chlorination may not effectively
remove SARS-CoV-2 in cases of high viral loads, and (ii) higher SARS-
CoV-2 concentrations and longer persistence are expected in effluents
from on-site sanitation systems in LICs. This is because, in most cases,
no chlorination is practised given that chlorination reagents are not read-
ily and freely available for typical low-income communities in LICs. The
presence of SARS-CoV-2 in wastewaters in on-site sanitation facilities
could be particularly high in healthcare facilities, quarantine centres
(Ahmed et al., 2021a, b), and funeral homes handling infected persons.

Due to limited land holding in low-income settings, shared on-site
sanitation facilities are often closely located adjacent to drinking water
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supply systems such as shallow boreholes andwells, resulting in strong
hydrological connectivity between the two. Besides the ingestion of
contaminated raw/untreated drinking water, SARS-CoV-2 transmission
in shared sanitation facilities may occur via fomites and bioaerosols
(Caruso and Freeman, 2020; Gormley et al., 2020). Fomites are contam-
inated inanimate materials, including contact surfaces such as metals,
plastics and wood, which may harbour and transmit SARS-CoV-2
(Caruso and Freeman, 2020). Evidence showing that coronaviruses
may persist on such materials for three to nine days points to their
potential role in COVID-19 transmission (Kampf, 2020; Kampf et al.,
2020). Air-borne transmission via aerosols may occur during flushing
of toilets or septic systems, and subsequent aerosolization of contami-
nated wastewater/effluents (Gormley et al., 2020). Given its stability
in bioaerosols of about 30 min (van Doremalen et al., 2020), SARS-
CoV-2 from an infected person may remain viable and infective in
shared sanitation facilities and infect the next person using such facili-
ties within 30min. Air-borne transmission via bioaerosols has been ad-
vanced as the reason explaining the following: (i) super-spreading 2003
SARS outbreak in garden flats in Hong Kong (Gormley et al., 2020), and
(ii) rapid spread of COVID-19 in confined spaceswith dense populations
such as among healthcare workers, air-plane passengers and cruise-
ships (Mizumoto et al., 2020).

Insects and vermin such as cockroaches, houseflies, and rodents that
frequent, and are attracted to shared on-site sanitation and wastewater
facilities may harbour and transfer human pathogens on their external
body and in their gut system (Bonwitt et al., 2017; Heller et al., 2020;
Sarwar, 2015). SARS-CoV-2 transmission through insect-and rodent-
mediated processes has not yet been confirmed, but the dissemination
of SARS-CoV-2 via direct contactwith faeces in shared on-site sanitation
andwastewater facilities to other environmental compartments includ-
ing households cannot be ruled out (Gwenzi, 2020b). Further research
is required to confirm insect-and rodent-mediated transfer of SARS-
CoV-2 and the mechanisms involved. In summary, wastewaters from
both shared on-site sanitation and centralized wastewater facilities
qualify to be used for W-BE in LICs, but the decay of SARS-CoV-2 and
its proxies needs to be taken into account for each system. Yet to date,
no studies have applied on-site sanitation epidemiology to understand
COVID-19 in LICs.

3.1.3. SARS-CoV-2 in wastewaters and receiving waters in LICs versus
developed countries: Cautionary remarks

Advanced wastewater treatment systems, including a combination
of secondary and then tertiary treatment based on disinfection using
chemicals or ultraviolet irradiation commonly used in developed coun-
tries have a higher potential to remove SARS-CoV-2 and its proxies
(Randazzo et al., 2020; Rimoldi et al., 2020) than conventional systems
dominant in LICs such as those based on aerobic digestion (Guerrero-
Latorre et al., 2020; Kolarević et al., 2021; Mahlknecht et al., 2021;
Maidana-Kulesza et al., 2021; Westhaus et al., 2021). For example, in
Murcia, Spain, all tertiary and secondary effluents from wastewater
treatment plants combining advanced treatment processes in the form
of disinfection and ultra-violet irradiation tested negative for SARS-
CoV-2 RNA (Randazzo et al., 2020). Similarly, in two provinces in Italy
(Milan, Monza e Brianza), no SARS-CoV-2 was detected in wastewaters
subjected to secondary treatment and tertiary disinfection using
peracetic acid or high intensity ultraviolet lamps (Rimoldi et al., 2020).
A few exceptions exist, pointing to the need for caution to avoid gener-
alizations when comparing SARS-CoV-2 removal in wastewater treat-
ments systems in LICs versus developed countries. This is because not
all wastewater treatment systems in developed countries use advanced
processes.

In cases where conventional wastewater treatment processes such
as activated sludge are used, SARS-CoV-2 RNA has been detected in
both raw/untreated and treated wastewater in nine wastewater treat-
ment plants in North-Rhine Westphalia, Germany (Westhaus et al.,
2021). The gene equivalents in the solid and aqueous phases of the
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effluent were similar to or even higher than that in the influent waste-
water. The enrichment of gene equivalents in effluent aqueous phase
was attributed to the repartitioning or mobilization of gene material
from the solid to the liquid phase during wastewater treatment
(Westhaus et al., 2021). In the study conducted by Rimoldi et al.
(2020), althoughwastewater subjected to secondary treatment and ter-
tiary disinfection tested negative for SARS-CoV-2 RNA, all the surface
water samples tested positive for SARS-CoV-2. The SARS-CoV-2 de-
tected in the receiving water was attributed to two possible sources:
(i) discharges of non-treated or inefficiently treated wastewaters, and/
or (ii) combined sewage overflows (Rimoldi et al., 2020). Incidental dis-
charges of raw or partially treated wastewaters, and combined sewer
outflows caused by malfunctioning urban drainage systems have been
reported in other developed countries in Europe (e.g., Rizzo et al.,
2020) and the USA (U.S. EPA, 2004). However, due to low levels of eco-
nomic development and low investments in wastewater infrastructure
in LICs, the practice is more prevalent in LICs than developed countries
(Gwenzi and Rzymski, 2021).

In Japan, SARS-CoV-2 RNA (2.4 × 103 copies/L) was detected in a
secondary-treated wastewater before chlorination (Haramoto et al.,
2020). The SARS-CoV-2 RNA concentration in the secondary-treated
wastewater sample was two orders of magnitude lower than that re-
ported for secondary wastewater in Spain (2.5 × 105 copies/L)
(Randazzo et al., 2020). This suggests that secondary wastewater treat-
mentwithout tertiary disinfection has limited capacity to remove SARS-
CoV-2 and its proxies. Surprisingly, in the study by Haramoto et al.
(2020), no SARS-CoV-2 RNA in influent and river waters tested using
the same analytical procedure. This apparent anomaly was attributed
to differences in limits of detection associatedwith the filtration sample
volumes used for influent versus treated wastewater. The filtration vol-
ume of the influentwastewater samples (200mL)was 25 times smaller
than that of the secondary-treated wastewater samples (5000 mL).
Consequently, the limit of detection for influent (4.0 × 103–8.2 × 104

copies/L) was approximately one to two orders of magnitude larger
than that of secondary-treated wastewater (1.4 × 102–2.5 × 103 cop-
ies/L). In addition, the influent and secondary-treated wastewaters
were collected almost simultaneously without paying attention to po-
tential differences in hydraulic retention time. The hydraulic retention
time may affect the decay and repartitioning/mobilization of SARS-
CoV-2 in wastewater.

In summary, these results suggest that, besides the wastewater treat-
ment process (conventional versus advanced), the capacity to remove
SARS-CoV-2 and its proxies may also depend on several other factors in-
cluding: (i) the initial concentrations in raw/untreated wastewater, and
(ii) operating conditions such as hydraulic loading rates and residence
times, and dosages of the chemicals or ultra-violet radiation using in ad-
vanced treatment processes. Thus, even for the same conventional or ad-
vanced treatment process, SARS-CoV-2 removal may vary on a case-by-
case basis. In this regard, amere location of a country (low-income versus
developed region) or the type of a wastewater treatment system (con-
ventional versus advanced processes) cannot be used as a basis to infer
the occurrence of SARS-CoV-2 in treated wastewater and receiving wa-
ters. Only direct analytical testing for SARS-CoV-2 and its proxies can
provide unequivocal evidence on where such media can be used for
WWW-BE. Finally, regardless of the wastewater treatment processes ap-
plied, the use of SARS-CoV-2 and its proxies in treatedwastewater and re-
ceiving waters in WWW-BE will require accounting for any removal or
decay, and enrichment occurring in such wastewater treatment systems.

3.2. Raw/untreated and drinking water epidemiology

Three lines of evidencemotivate the use of raw/untreated anddrink-
ing water epidemiology in LICs.

(1) SARS-CoV-2 RNA detection in groundwater and surface water
systems in low-income settings
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A few recent studies drawn from LICs and other low-income settings
in east Europe, and Latin America provide direct evidence on SARS-CoV-
2 RNA presence in raw/untreated surface water and groundwater im-
pacted by sewage (Guerrero-Latorre et al., 2020; Maidana-Kulesza
et al., 2021;Mahlknecht et al., 2021; Kolarevic et al., 2021). For example,
during the COVID-19 peak in Quito, Ecuador, SARS-CoV-2 RNA was ob-
served in surface water samples from three different sites of a river re-
ceiving untreated sewage (Guerrero-Latorre et al., 2020).

InMonterreyMetropolitan Area inMexico, Mahlknecht et al. (2021)
investigated SARS-CoV-2 RNA presence in groundwater, dam water,
and river water. The results showed that 44% of groundwater sampled
had SARS-CoV-2 viral loads ranging between 2.6 and 38.3 copies/mL.
The viral loads were significantly correlated with the concentration of
sucralose (an artificial sweetener) and E. coli in groundwater, indicating
leaching and infiltration of effluent from the surface and/or failing sew-
age pipes. In the same study, 12% the damwater samples tested positive
for viral RNA with concentrations ranging between 3.3 and 3.8 copies/
mL. Lastly, 13% of the river samples tested positive for viral RNA, with
concentrations ranging from 2.5 to 7.0 copies/mL. The viral loads in
groundwater, river water and dam water were about three orders of
magnitude lower than the viral loads of up to 3535 copies/mL detected
in the corresponding raw/untreated wastewater samples. The differ-
ence in viral loads between water samples and wastewater was attrib-
uted to dilution effect and/or removal through wastewater treatment.
The temporal trends of viral loads in the groundwater, river water,
dam water and wastewater mirrored the reported trends of COVID19
infection cases.

In Argentina, SARS-CoV-2 RNA was observed in about half of the
river water samples (75) impacted by wastewater from a wastewater
treatment plants (Maidana-Kulesza et al., 2021). Moderate but signifi-
cant positive correlations were also observed between SARS-CoV-2
RNA and faecal indicator bacteria (p ≤ 0.05; r2 = 0.40–0.75). The
study by Maidana-Kulesza et al. (2021) is the first to apply raw/un-
treated water epidemiology to predict COVID-19 in LICs. The results of
the study showed that SARS-CoV-2 RNA concentrations in river water
samples accurately predicted the COVID-19 epidemiological curve
(p = 00001–0.0084). Similar to most LICs, the rivers recording the
high concentrations of SARS-CoV-2 received both raw/untreated and
partially treated wastewaters.

Further evidence of SARS-CoV-2 contamination of surface water
sources impacted by sewage is drawn from Europe. For example, SARS-
CoV-2 RNA concentrations ranging from 5.97 × 103 to 1.32 × 104 cop-
ies/L were detected in surface water samples in the Danube River im-
pacted by raw/untreated wastewater from Belgrade, Serbia (Kolarević
et al., 2021). In metropolitan Milan, Italy, SARS-CoV-2 RNA was reported
in receiving surface waters, and this was attributed to discharges of raw
or partially treated wastewater, and/or combined sewer outflows
(Rimoldi et al., 2020). Contrary, in Japan, no SARS-CoV-2 RNA was ob-
served in three river samples collected between March and May 2020
(Haramoto et al., 2020). These studies clearly demonstrate that SARS-
CoV-2 contamination of surface and groundwater systems is possible in
cases where raw/untreated or partially treated wastewaters are
discharged from conventional and inefficient treatment systems. As cau-
tioned earlier, there is a need to avoid generalizations on the occurrence
of SARS-CoV-2 and its proxies in wastewaters and receiving water in
LICs versus developing countries (Section 3.1.3).

Currently missing in the literature are studies investigating SARS-
CoV-2 presence in groundwater and surface water systems in densely
populated high-risk areas in LICs (e.g., refugee camps, slums, squatter
camps). One may infer that SARS-CoV-2 contamination of raw/un-
treated water and drinking water supply systems is highest under the
following conditions: (i) on-site sanitation facilities located in close
proximity with unprotected water and drinking sources from shallow
wells, boreholes, and surface water bodies, (ii) congested informal set-
tlements where shared on-site sanitation facilities are often overloaded
and over-spilling, and (iii) groundwater systems in highly permeable
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and coarse-textured geological systems resulting in strong hydrological
connectivity, and rapid travel times.

(2) Strong hydrological connectivity between on-site sanitation/
wastewater systems enhances SARS-CoV-2 contamination of
drinking water supply systems

A key point to note in LICs is the strong hydrological connectivity be-
tween both on-site sanitation and centralized wastewater systems, and
drinking water systems (Fig. 2). The hydrological connectivity, which is
often coupled to faecal contamination of raw/untreated and drinking
water supply systems occurs via: (i) wastewater/effluent spillages, (ii)
surface run-off and erosion, (iii) groundwater recharge and infiltration,
and (iv) interactions between groundwater and surface water. This
strong hydrological connectivity is evidenced by several studies from
LICs indicating high faecal coliform and indicator bacteria and human
enteric pathogens in surface water and groundwater systems impacted
by raw/untreated and partially treated wastewaters from on-site
sanitation and wastewater facilities (Genter et al., 2021; Graham and
Polizzotto, 2013; Potgieter et al., 2020). In these studies, faecal coliform
and indicator bacteria act as ‘biotracers’ ofwastewater contamination of
aquatic systems. Thus, wastewaters/effluents coupled to hydrological
processes act as reservoirs and vehicles for the SARS-CoV-2 contamina-
tion of raw/untreated and drinking water supply systems. The strong
hydrological connectivity, and faecal contamination of raw/untreated
surfacewater, groundwater, and drinkingwater systems account for re-
current outbreaks of water-borne diseases in LICs.

(3) Recurrent outbreaks of water-borne diseases linked to faecal
contamination of raw/untreated drinking water supply systems
in LICs

The potential to use drinking water for SARS-CoV-2 surveillance has
been suggested in a few earlier studies (Guerrero-Latorre et al., 2020;
Street et al., 2020), but data on SARS-CoV-2 detection in drinking
water systems remain scarce. However, recurrent outbreaks of water-
borne infections (e.g., cholera, typhoid) traced to the faecal contami-
nated drinking water supply systems including surface water and
groundwater are well-documented in LICs (Islam et al., 2007; Ajayi
and Smith, 2019; Gwenzi and Sanganyado, 2019). Human infections
that induce diarrhea such as water-borne ones (e.g., cholera, typhoid)
promote the risk of faecal contamination of drinking water (Islam
et al., 2007). Similarly, given that COVID-19 induces diarrhea in some
patients, this may increase the frequency of SARS-CoV-2 shedding in
faeces, and risk of contamination of drinking water supply systems.

In LICs, faecal coliform and E. coli indicator bacteria, and viruses in-
cluding human pathogens have been widely detected in faecal sludge
and boreholes located close to pit latrines (Graham and Polizzotto,
2013; Capone et al., 2021; Liu et al., 2021; Otaki et al., 2021). Graham
and Polizzotto (2013) present a systematic review of a global database
on the role of pit latrines in faecal contamination of water supply sys-
tems. Two recent studies from Mexico and Argentina observed moder-
ately significant and positive correlations (r2 = 0.40–0.75; p < 0.05;)
between SARS-CoV-2 RNA concentration and corresponding faecal coli-
form bacteria in surface water and groundwater samples impacted by
wastewaters (Mahlknecht et al., 2021; Maidana-Kulesza et al., 2021).
Significant positive correlations between SARS-CoV-2 RNA and faecal
coliform bacteria indicate potential co-shedding, co-occurrence and
co-transport of the two in both faeces and wastewaters. However,
more research is needed to determine the universal validity of the cor-
relation between SARS-CoV-2 and its proxies, and faecal coliform bacte-
ria, and other parameters.

In summary, a relatively strong evidence base largely drawn from
LICs now exists to justify the use of water/drinking water supply sys-
tems in COVID-19 epidemiology (Guerrero-Latorre et al., 2020;
Fongaro et al., 2021). Hence, in view of this recent research evidence, es-
timating COVID-19 prevalence in low-income settings using traditional
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W-BE based solely on centralizedwastewater systems is flawed, and re-
flects a narrow understanding and application of the concept of envi-
ronmental surveillance. Therefore, the WWW-BE framework explicitly
broadens the traditionalW-BE, which can be applied at differential spa-
tial and temporal scales. One potential limitation of water and drinking
water-based epidemiology is the dilution effects especially in river sys-
tems. For example, in caseswhere the initial concentration in thewaste-
water discharges are low, and thedilution in receivingwater is high, this
could a challenge in analytical detection of SARS-CoV-2. In turn, this
may increase the likelihood of false-negative results, and potential
under-estimation of COVID-19 prevalence. To address this potential
limitation, there is a need to investigate and define the boundaries or
limits for water and drinking water-based epidemiology.

Shared drinking water supply systems in LICs serve a wide commu-
nity and population. Hence, drinkingwater systemsmay harbour SARS-
CoV-2 emitted from the various sources, and further transmit it to non-
infected persons. Human exposure to SARS-CoV-2 in shared drinking
water supply systems may occur via: (i) ingestion of contaminated
drinking water, (ii) fomites such as water abstraction devices on well
and boreholes, and (iii) respiratory droplets and aerosols while queuing
for water under overcrowded conditions (Gwenzi, 2020b). The analysis
of data on SARS-CoV-2 occurrence in drinking water supply systems
may provide insights on communities and households likely to be ex-
posed to COVID-19 via drinking water. Moreover, purposive sampling
at strategic points along the drinking water system may identify con-
tamination hotspots and critical control points for safeguarding
human health. Therefore, drinkingwater systems form a critical compo-
nent of WWW-BE as part of a broader strategy to understand the prev-
alence of COVID-19 as well as water-borne infections (e.g., typhoid,
cholera). Surprisingly, despite earlier calls made nearly a year ago to in-
vestigate SARS-CoV-2 presence and persistence in drinking water sys-
tems under such settings (Gwenzi 2020a, b; Adelodun et al., 2020), no
studies have been done so far. To bridge this gap, the proposed
WWW-BE seeks to motivate the acquisition of such evidence, and its
subsequent application to estimate COVID-19 prevalence and transmis-
sion in LICs. Note that the use of SARS-CoV-2 contaminated drinking
water supply systems in epidemiology is not meant to undermine the
need to terminate the use of such water sources for water supply or to
treat the water before human consumption. Rather, the proposal is to
use the data on SARS-CoV-2 monitoring in drinking water systems
first, to safeguard human health, and second, in WWW-BE. Thus, no
SARS-CoV-2 contaminated drinking water supply sources should be
maintained solely for predicting COVID-19 burden and transmission
trends.

3.3. Solid waste epidemiology

In the WWW-BE framework solid waste epidemiology can be con-
ceived as having two components: (i) faecal sludge from non-flushing
pit latrines with or without frequent emptying, and (ii) COVID-19-
related solid waste such as PPE. For the purposes of sampling and anal-
ysis, faecal sludge from non-flushing on-site sanitation systems should
be considered as solidwaste rather thanwastewater. This notion is con-
sistent with recent studies classifying faecal sludge from such non-
flushing on-site sanitation systems as solid waste (Capone et al.,
2021). Primary faecal sludge from wastewater systems, and by infer-
ence on-site sanitation systems may harbour up to two to three orders
ofmagnitudemore SARS-CoV-2 than the raw/untreatedwastewater/ef-
fluent itself (Peccia et al., 2020a, b). A study conducted in the New
Haven, Connecticut in the USA during the peak of a COVID-19 outbreak
showed that primary sludge contained two to three orders of magni-
tude higher SARS-CoV-2 RNA that values reported in literature for
raw/untreated wastewater (Peccia et al., 2020a, b). Thus, faecal sludge
in on-site sanitation systems could be ideal media for environmental
surveillance of SARS-CoV-2. The use of faecal sludge from non-
flushing on-site sanitation systems for SARS-CoV-2 monitoring has
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been proposed in an earlier study conducted in Malawi (Capone et al.,
2021). A few studies conducted in developed countries have used
wastewater sludge for SARS-CoV-2 surveillance (D'Aoust et al., 2021;
Graham et al., 2020; Peccia et al., 2020a, b), pointing to the possibility
of using faecal sludge for solid waste epidemiology.

The use of non-faecal solid waste such as COVID-19 PPE in epidemi-
ology is relatively new, and no studies have been reported to date. The
solid waste epidemiology is premised on the assumption that SARS-
CoV-2 can be shed and persist on solid waste including household and
institutional wastes, and COVID-19 PPE. The shedding of SARS-CoV-2
and contamination of solidwastesmay occur viamultiple routes includ-
ing exhalation from infection persons, bioaerosols, and direct contact
with contaminated materials and surfaces. Barring a few exceptions, a
comprehensive global database on SARS-CoV-2 occurrence on solid
wastes including faecal sludge from non-flushing on-site sanitation sys-
tems and COVID-19 PPE under real-life conditions is still lacking. The
reason for the lack of comprehensive evidence is unclear, nearly two
years after the first outbreak of COVID-19 towards the end of 2019.
This is even surprising given the widespread global use and subsequent
disposal of large quantities of COVID-19 PPE in households, public insti-
tutions, business facilities, healthcare facilities, quarantine centres, and
the funeral industry. However, the few existing studies indicate pres-
ence and persistence of SARS-CoV-2 on solid waste including wood
and COVID-19 PPE relevant to solid waste epidemiology (Kasloff et al.,
2021; Liu et al., 2020; Pastorino et al., 2020).

In an inoculation experiment conducted with or without proteins
(i.e., 3 g/L bovine serumalbumin), SARS-CoV-2was detected on alumin-
ium, glass, and polystyrene plastic (Pastorino et al., 2020). The longevity
of viral infectivity expressed as log 10 decrease was highest for polysty-
rene plastic (<1 log10 drop), followed by glass (3.5 log10 drop), and
then aluminium (6 log10 drop), and in all cases, proteins prolonged in-
fectivity. In Hong Kong, SARS-CoV-2 RNA was detected on disposable
wooden chopsticks, indicating potential persistence on wood, but viral
viability and infectivity were not determined (Liu et al., 2020). Kasloff
et al. (2021) investigated the stability of SARS-CoV-2 on eight artificially
inoculated PPE over a 21-day period. The PPE materials included respi-
rator masks (N100, N-95), cotton, Tyvek, reinforced chemical resistant
gloves, nitrile medical examination gloves, plastic, and stainless steel.
Contrary to earlier findings suggesting short survival periods (van
Doremalen et al., 2020), the study showed that, in the presence of a
soil load, viable SARS-CoV-2 was detected for up to 21 days on the
PPE. However, rapid viral degradation was observed when applied to
100% cotton fabric, and was not detected within 24 h using the
TCID50 assay. These persistence data are particularly important, given
that the PPE investigated included those used by the general public,
and healthcare and funeral industry workers.

A number of earlier studies have shown that coronaviruses and their
proxies, and by inference SARS-COV-2may persist on typical wastema-
terials such as metals, plastics, and paper for 3 to 9 days (Kampf, 2020;
Kampf et al., 2020; Pastorino et al., 2020; van Doremalen et al., 2020).
Solid materials tested to date include; cardboard, wood, plastics, fabric,
printing and tissue paper, and metals, specifically copper and stainless
steel (Chin et al., 2020; van Doremalen et al., 2020). This evidence pro-
vides some indicative values on survivorship of SARS-CoV-2 on solid
waste materials. Studies on SARS-CoV-2 persistence showed that the
virus was inactivated and undetectable on stainless steel and plastic
after 4 days, while shorter survival times were observed for cardboard
(2 days) and copper (4 h (Chin et al., 2020; van Doremalen et al.,
2020). Additional data on the detection of SARS-CoV-2 on solid mate-
rials and surfaces are presented in studies including reviews (Bueckert
et al., 2020; Dargahi et al., 2021; Onakpoya et al., 2021). Thus, based
on the limited evidence on coronaviruses, coupled with data on SARS-
CoV-2, it is reasonable to assume that, depending on environmental
conditions, SARS-CoV-2 may survive for much longer periods than the
2–3 days on solid materials. In summary, the available data presented
in earlier studies including reviews show that (Chin et al., 2020; van
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Doremalen et al., 2020; Nghiem et al., 2020): (i) survival times varied
considerably among the different groups of materials, and even be-
tween various types of within the same group (e.g., copper versus stain-
less steel), (ii) SARS-CoV-1 persisted on PPE materials for 24 h and 48 h
on cotton gown (fabric) and disposable polypropylene gown (plastic),
respectively, (iii) under room temperature (circa 22 °C) and relative hu-
midity of 40 to 50% SARS-CoV-1 survived for up to 9 days on a polysty-
rene petri dish, and for about 21 days also on plastic, and (iv) a study
using transmissible gastroenteritis virus (TGEV) as a surrogate corona-
virus showed that TGEV survived on N95 respirators for up to 24 h.
However, longer persistenceperiods are possible under certain environ-
mental conditions (e.g., presence of proteins, soil load) as shown in re-
cent evidence (e.g., up to 21 days, Kasloff et al., 2021; Pastorino et al.,
2020).

In the context ofWWW-BE, the persistence of coronaviruses on solid
wastematerial is significant in three respects. First, solidwastesmay act
as fomites, thereby increasing the risk of SARS-CoV-2 transmission to
humans via contact surfaces and solid wastes. Secondly, SARS-CoV-2
RNA on raw/untreated or untreated solid waste materials could be
used as a biomarker to estimate prevalence COVID-19. Finally, the per-
sistence period may be used as a basis to determine the time needed
to store solid waste to allow virus inactivation. For example, using
such data one study estimated that combining a stand-down period of
at least 4 days and subsequent disinfestation will allowmaximum inac-
tivation of the virus by subjecting it to a double hit (Derraik et al., 2020).

COVID-19 generates COVID-related waste such as used PPEs includ-
ing facemasks (Mol and Caldas, 2020; Peng et al., 2020). This is in addi-
tion to non-COVID-19 wastes such as domestic and municipal solid
waste, and infectious solid wastes such as dressings, gloves and sharps.
Sources of COVID-19 related solid waste include households with in-
fected persons, healthcare facilities, quarantine centres, and the funeral
industry. One study conducted in China showed that a hospital with
total of 24 COVID-19 patients generated a daily output of medical
waste of 2100 kg and COVID-related medical wastes of 150 kg. In
Africa, estimates show that, 700 million face masks were used per day
in just 15 countries implementing compulsory use of facemasks,
which will ultimately end up as waste (Nzediegwu and Chang, 2020).
This figure increases significantly when one also considers other PPE
such as gloves, wipes and household and institutional wastes from
healthcare facilities and quarantine centres such as waste paper and
plastics.

In LICs, due to lack of waste separation and recycling systems, incin-
erators and engineered landfills, infectious medical wastes and COVID-
19 PPE and related wastes are often co-mingled, and co-disposed of
with general solid waste from households, and commercial activities
in non-engineered solid waste repositories where they pose environ-
mental pollution risks (Nzediegwu and Chang, 2020; World Bank,
2019; Gwenzi, 2020a, b).Workers in the solid waste industry, including
sweepers, cleaners and bin collectors often work without appropriate
PPE. Informalwaste pickers from low-income communities often collect
wastematerials including used plastic bags, and bottles for personal use
or for sale as packagingmaterials for vegetables, water and herbal med-
icines (Nzediegwu and Chang, 2020). Such waste pickers rarely use PPE
during waste collection. Stray animals such as dogs and livestock often
roam freely on such waste dumps, further disseminating the contami-
nated wastes. For example, in Abuja, Nigeria, a funeral industry worker
dumped a used disposable safety overall in a public place following as
burial of a COVID-19 patient at a cemetery (Nzediegwu and Chang,
2020). Such practices may promote the transmission of COVID-19 via
solid wastes. Yet these aspects are currently not considered in current
generic COVID-19 control measures, and traditional W-BE. Therefore,
understanding the presence and behaviour of SARS-CoV-2 on solid
waste including COVID-19 PPE should form part of a broader research
programme on WWW-BE in LICs.

The lack of studies using non-faecal solid waste such as COVID-19
PPE in epidemiology seem to reflect the notion that such waste may
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be considered to be of limited epidemiological significance because the
SARS-CoV-2 on such solid waste has limitedmobility, giving rise to high
heterogeneity. Hence, it appears the dominant notion has been that par-
ticular attention should be paid to the rational and appropriate disposal
of potentially infectious solid wastes such as those from putative SARS-
CoV-2 hotspots such as medical facilities, quarantine centres (Ahmed
et al., 2021a, b) and the funeral industry. As a hypothesis, there is a
need to conduct research to generate the empirical data to confirm
the (in)validity of using COVID-19-related solid waste in epidemiology,
and highlight the associated opportunities and challenges.

3.4. WWW-BE versus traditional W-BE: a summary of the novelty

The novelty of the WWW-BE relative to traditional W-BE can sum-
marized as follows (Table 1):

(1) WWW-BE builds on the fundamental principles of traditionalW-
BE, and extends it to includewastewaters from on-site sanitation
facilities, surface water and groundwater systems, drinking
water supply systems, and solid wastes currently excluded in lit-
erature but relevant in LICs. The extension of W-BE toWWW-BE
could potentially make the latter more ideal and relevant to LICs
than the former.

(2) WWW-BE is modular with four components (Fig. 2), unlike tra-
ditional W-BE limited to centralized wastewater systems. Thus,
WWW-BE entails potential flexibility, where certain modules or
components can be emphasized on a case-by-case basis.

(3) WWW-BE could potentially serve a dual function, first for deter-
mining the prevalence or burden of COVID-19 in a spatial unit,
and second, predicting potential subsequent SARS-CoV-2 trans-
mission from WWW-BE media. By contrast, the traditional W-
BE is currently limited to estimation of COVID-19 prevalence,
while excluding potential application to estimate potential trans-
mission.

(4) WWW-BE could be a potential low-cost and appropriate tool for
large-scale surveillance of COVID-19 and related future out-
breaks, thereby overcoming the severe constraints of lack of di-
agnostic equipment and resources prevalent in LICs.

The novelties of WWW-BE, coupled with the lack of multi-barrier
systems to safeguard human health provide a strong motivation for
the research community, and decision and policy-makers including
funding agencies to support research to develop and validate WWW-
BE as a hypothesis and decision-support tool in LICs. Such research will
provide a strong WWW-BE evidence base, which is currently missing.

4. Potential applications of WWW-BE

4.1. WWW-BE as a novel decision-support tool

Depending on research and operational objectives,WWW-BE can be
potentially applied to acquire data on COVID-19 at various spatial and
temporal resolutions. Spatial scalesmay include household, community,
village, district, catchment, province/state and population levels. The
sampling timescales may also range from once-off grab samples to re-
peated daily, weekly and monthly timescales, among others. Notably,
the cost of WWW-BE data acquisition, analysis and interpretation is ex-
pected to increase with increasing temporal and spatial resolution. It
should be emphasized that prediction of COVID-19 prevalence based
on environmental surveillance still suffers from a number of limitations
including high uncertainties. This is because SARS-CoV-2 transmission
and progression dynamics are quite complex and depend on several an-
thropogenic and biophysical factors which may not be adequately cap-
tured by monitoring environmental media. Notwithstanding these
challenges, here, potential generic applications of WWW-BE as a hy-
pothesis and decision-support tool in LICs are discussed.
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(1) Identifying potential COVID-19 temporal ‘hotmoments’ and spa-
tial ‘hotspots’

Systematic spatial and temporal sampling of drinking water supply
systems, solid waste, and wastewaters from municipal and shared on-
site sanitation facilities may give information on COVID-19 temporal
‘hot moments’ and spatial ‘hotspots’. In this context, a spatial ‘hotspot’
is a distinct spatial domain or cluster with an exceptionally high trans-
mission and infection rateswhile a temporal ‘hotmoment’ is a temporal
domain or cluster characterized by high transmission or infection rates.
A number of analytical tools are available for assessing hotspots and hot
moments, including; (i) geospatial tools such as geoinformatics and
geostatistics, (ii) wavelet and spectral techniques, and (iii) artificial in-
telligence and network analysis (Charandabi and Gholami, 2021;
Bwire et al., 2017; Pinheiro et al., 2021). Artificial intelligence, including
the use of data mining techniques, artificial neural networks, and in
silico techniques and networks analysis have capabilities to reveal
trends and patterns in data that are not obvious using conventional sta-
tistical tools. WWW-BE data on potential SARS-CoV-2 contamination
hotspots with respect to drinking water supply systems, solid wastes,
and wastewater from municipal and on-site sanitation facilities can be
used to safeguard public health through the choice of safe water
sources, and/or as a basis to recommend drinking water disinfection.

(2) Estimating the prevalence or burden of COVID-19

The use of W-BE data for estimating the prevalence or burden of
COVID-19 is the most-documented application (Kumar et al., 2020a, b;
Scott et al., 2021; Pillay et al., 2021). WWW-BE data may be disaggre-
gated or aggregated to provide information on the prevalence or burden
of COVID-19 at various spatial scales of interest. To achieve this, data on
SARS-CoV-2 RNA titres in the solid waste, municipal wastewater, on-
site sanitation facilities, raw/untreated water, and drinking water sup-
ply systems should be converted to the corresponding estimates of in-
fected persons. Similar to traditional W-BE, scope exists to acquire
WWW-BE data at the appropriate sampling scales to provide similar es-
timates of COVID-19 prevalence at various spatial and temporal scales.

As reported for traditional W-BE (Gibas et al., 2021; Scott et al.,
2021), WWW-BE can also be used for COVID-19 surveillance at institu-
tional or even at building levels including in educational (kindergartens,
primary and secondary schools, colleges/universities), healthcare
(clinics, hospitals), workplaces, commercial, and quarantine and isola-
tion facilities. This is because even at institutional level, repeated mass
diagnostic testing of individuals is not always feasible.

(3) COVID-19 transmission patterns

Analysis of WWW-BE data using forward calculation techniques
may give information on the subsequent COVID-19 transmission pat-
terns from various reservoirswithin a community or population. For ex-
ample, analysis of high-resolution WWW-BE data on the occurrence of
SARS-CoV-2 and its proxies in solid waste, municipal wastewater, on-
site sanitation, and drinking water sources may indicate potential con-
tributing localities. Moreover, information on municipal wastewater
systems and shared contaminated sanitation systems and drinking
water sources combined with the corresponding households using
such systems may provide insights into the likely temporal and spatial
progression of COVID-19 outbreaks. Scope also exist to use repeated
WWW-BE data to provide information of the onset, peak and tail-end
of a COVID-19 outbreak. This application is unique to LICs lacking
engineered multi-barrier systems that effectively reduces the risk of
SARS-CoV-2 transmission from the various WWW-BE media.

Note that bioaerosols and droplets are currently considered the
dominant transmission routes for SARS-CoV-2 (WHO, 2020). The con-
tribution of fomites and environmental transmission via wastewater
and ingestion of contaminated drinking water is not yet known with
certainty, and warrants further research (Gwenzi, 2020b). Thus,
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positive detection in environmentalmedia indicates virus shedding and
pollution, but may not be indicative of human exposure and health
risks. This is because understanding human health risks and transmis-
sion trends require more data than mere detection of SARS-CoV-RNA.
This includes data on dose-response relationships, infectious dose
thresholds, and metrics to estimate viable and infective SARS-CoV-2
from viral RNA. These aspects are still poorly understood and should
form part of research on the potential application of WWW-BE to esti-
mate transmission patterns.

(4) Targeting and prioritization of scarce resources

COVID-19 exerts excessive pressure on scare resources at all levels
including, healthcare system, social security, logistics and the supply
and cold chain systems. Therefore, data on COVID-19 prevalence and
transmission patterns can be used for the following operational applica-
tions: (i) targeting and prioritizing the allocation of scarce resources
such as PPE, comprehensive testing of individuals, and clean drinking
water supplies, (ii) location and establishment of testing and quarantine
centres, and (3) the deployment of emergency response systems and
teams.

(5) Enforcement and lifting of control measures

The enforcement and lifting of national control measures such as
local and national lockdown requires accurate and timely data on the
temporal and spatial progression of COVID-19. Similar to traditional
W-BE, WWW-BE data could act as a leading indicator or an early warn-
ing system signalling the arrival of COVID-19 ahead of clinical data and
hospital admissions. Conversely, absence of SARS-CoV-2 and its proxies
following a number of consecutive periods of WWW-BE monitoring
could be indicative of the end of a COVID-19 outbreak. In this regard, re-
peated negative SARS-CoV-2 in drinking water supply systems, solid
waste, municipal wastewater, and shared on-site sanitation facilities
could be used as a basis to cautiously lift lockdowns. Given that
WWW-BE considers various environmental sources of SARS-CoV-2, it
could potentially provide more reliable and robust COVID-19 estimates
than traditional W-BE which relies on data from one medium (munici-
pal wastewater).

4.2. Testing and validating hypotheses on COVID-19

(1) Environmental source tracking of SARS-CoV-2

Source tracking of SARS-CoV-2 to determine its potential environ-
mental sources and intermediate hosts in aquatic and terrestrial sys-
tems is a potential emerging research topic in environmental
epidemiology. A number of genomic tools have been developed for
the microbial source tracking of human pathogens (Meays et al., 2004;
Sheludchenko, 2011). Thus, two questions may arise: (i) Could genomic
analysis of SARS-CoV-2 in environmental media reveal its environmental
sources and intermediate hosts?, and (ii) Can SARS-CoV-2 be used as a
novel biological tracer of its environmental origin, including the nature of
animal-human interactions, and how it jumped from its natural and inter-
mediate hosts to humans? These questions have no simple answers, and
addressing them is not a trivial task, but they highlight the potential
contribution of environmental surveillance to our understanding of
COVID-19.

(2) Novel transmission via the faecal-oral route

A number of hypothesis on novel transmission of COVID-19 has been
proposed, including faecal-oral route via water and food, and vector-
mediated mechanisms, but these remain mere postulates until con-
firmed (Gwenzi, 2020b). WWW-BE could provide an opportunity to
directly validate these hypotheses especially in LICs, where conditions
are most conducive for such studies. In communities relying solely on
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shared raw/untreated water sources, drinking water-based epidemiol-
ogy could provide essential data to minimize the risk of human expo-
sure to SARS-CoV-2 through ingestion of contaminated drinking
water. Specifically, drinking water-based epidemiology may address
outstanding research questions raised in earlier reviews on COVID-19
(Gwenzi, 2020a, b; Gwenzi and Rzymski, 2021). Key questions include:
(i) To what extent do SARS-CoV-2 and its proxies occur in raw/untreated
water and drinking water supply systems in densely populated faecal con-
tamination hotspots (e.g., refugee camps, squatter camps, slums)?, (ii) To
what extent do low-cost drinking water treatment methods (e.g., biosand
filtration, solar disinfection, biochar filters, chlorination,metallic iron filters,
ceramic filters) used in such informal setting reduce the SARS-CoV-2 viral
load?, (iii) How significant are the risk of exposure and human health ef-
fects of consumption of SARS-CoV-2 contaminated drinking water relative
to other exposure pathways, and (iv) To what extent do vector-mediated
and faecal transmission of SARS-CoV-2 from environmental reservoirs
such as solid wastes, shared on-site sanitation facilities, and municipal
wastewater systems contribute to COVID-19 outbreaks? Addressing
these questions is critical in the development of potential control
methods in informal human settlements and humanitarian emergen-
cies.

(3) Gendered COVID-19 exposure, transmission and mitigation

Shared drinkingwater supply and on-site sanitation facilities are po-
tential hotspots for community transmission of COVID-19 especially
among women and girls (Caruso and Freeman, 2020; Gwenzi, 2020a,
b). This is because women and girls use shared sanitation systems
more than their male counterparts. The risk of exposure to SARS-CoV-
2 may occur during bathing, washing, cleaning, urination, defecation
and mensuration. In addition, women and girls shoulder the burden of
fetching and providing water for household uses, and such water is
often collected from shared water points such as wells and boreholes.
In LICs, women and girls also bear the burden of assisting and caring
for (e.g., bathing) dependent family members such as children, the el-
derly and sick ones (Caruso and Freeman, 2020). Hence, the risk of
COVID-19 transmission via fomites from drinkingwater systems is par-
ticularly higher among women and girls than men and boys. Therefore,
WWW-BEmay provide critical information on the presence and poten-
tial spread of SARS-CoV-2 from shared drinking water supply and on-
site sanitation facilities via fomites and aerosols. Such data are currently
missing, and current guidelines from international health agencies such
as WHO (2020) are silent on the role of shared sanitation and drinking
water sources as potential community transmission points especially
for women and girls. Hence, appropriate sampling techniques need to
be developed for fomites and bioaerosols as part of WWW-BE. Once
SARS-CoV-2 transmission via shared sanitation and drinking water
sources is confirmed, then mitigation measures will need to be devel-
oped to reduce the risk of transmission among women and girls. How-
ever, further research is required to provide comparative data on
quantitative human exposure and health risks of women/girls versus
their male counterparts in low-income settings. Quantitative tools
such as Disability-Adjusted Life Years (DALYs), and quantitative micro-
bial risk assessment similar to that reported by Amoah et al. (2021)may
provide some early insights on this aspect.

4.3. WWW-BE versus traditional W-BE: Potential criticisms and
counter-arguments

As an untested hypothesis and potential decision-support tool, the
development and application of WWW-BE in LICs could face significant
criticisms and rebuttals (Table 1). This is understandable for any emerg-
ing technique, and such criticisms should motivate further research to
validate or refute the WWW-BE hypothesis. Here, the potential criti-
cisms of WWW-BE versus traditional W-BE, and counter-arguments
are discussed.
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(1) WWW-BE lacks global prior art and validation evidence

Critics may argue that unlike traditional W-BE which has been vali-
dated and applied in a number of developed countries (e.g., Australia,
Ahmedet al., 2020), theWWW-BEhypothesis lacks prior art and valida-
tion anywhere in the world. Thus, the research community, funding
agencies, and decision and policy-makers may be sceptical and lack
trust and confidence inWWW-BE. To counter this criticism, proponents
of theWWW-BE hypothesis may advance two arguments: (i) first, sim-
ilar toWWW-BE, no prior art and validation evidence exists onW-BE in
LICs, and (ii) traditionalW-BE is silent on how the tool should be used in
LICs where decentralized on-site sanitation systems are dominant.
Moreover, W-BE relies on SARS-CoV-2 occurrence and stability data de-
rived from predominantly temperate environments in developed coun-
tries, and cannot be extrapolated to LICs with different biophysical and
socio-cultural environments, and lifestyles. For instance, contrary to
temperate climates, the predominantly tropical environments charac-
terized by high temperatures and episodic rainfall, may have an effect
on the fate and behaviour of SARS-COV-2. Thus, proponentsmay further
argue that both the traditional W-BE and the proposed WWW-BE war-
rant research and public attention in LICs since the two serve different
but complementary functions. Finally, althoughWWW-BE is presented
here as a single tool, it has a modular structure. Hence, it can be disag-
gregated into the three respective components (solid waste, wastewa-
ters, raw/untreated and drinking water) to emphasize certain specific
relevant aspects on a case-by-case basis. For instance, traditional W-
BEwill be ideal for high-income communities in urban settings with ac-
cess to centralizedwastewater, drinkingwater and solidwastemanage-
ment systems similar to those in developed countries. The proposed
WWW-BE with an on-site sanitation components will be ideal for
low-income and vulnerable households in urban, peri-urban and rural
areas lacking access to centralized wastewater, drinking water and
solid waste management systems. Ironically, the same population in
LICs lacks access to and may not afford individual diagnostic testing. In
cases where open defecation is prevalent, sampling of wastewaters
may not be feasible, hence COVID-19 solid wastes and drinking water
systems may need to be emphasized in WWW-BE. Given that LICs
have a mix of water, sanitation and solid waste management systems,
the modularity of the proposed WWW-BE could potentially make it
more ideal for such settings than the traditional W-BE.

(2) Solid waste is heterogeneous, and pose sampling and pre-
treatment difficulties and biosafety risks

Some may argue that, unlike municipal wastewater used for tradi-
tional W-BE, the collection, separation, and heterogeneous nature of
faecal sludge and COVID-19-related solid waste especially when
mixed with other solid wastes could present significant challenges in
its application in epidemiology. Hence, solid waste could pose signifi-
cant difficulties in obtaining a representative sample for use in
WWW-BE. To counter this criticism, in the case of COVID-19 and
other respiratory infections, particular attention should be paid to
high-risk household and institutional wastes such as COVID-19 PPE
and related wastes such as tissue papers and wipes. Others may also
argue that SARS-CoV-2 may have low persistence on solid wastes than
in raw/untreated wastewaters used in traditional W-BE. However,
data suggest that SARS-CoV-2 persist long enough on solid materials
to enable the use of solid wastes inWWW-BE (Kasloff et al., 2021). Fur-
thermore, the segregation and storage of high-risk solid wastes such as
COVID-19 PPE from other general solid wastes could facilitate the use of
such solid wastes in WWW-BE. Given that faecal sludge from non-
flushing on-site sanitation systems and COVID-19 solidwastesmay har-
bour biohazards, the segregation and subsequent use of COVID-19 solid
wastes inWWW-BE could be coupled to the collection and safe disposal
of suchwastes. There is also a need to develop appropriate sampling and
sample pretreatment protocols for solid waste samples to minimize
14
aerosolization and SARS-CoV-2 transmission through to bioaerosols.
Admittedly, as more WWW-BE validation evidence becomes available,
it may turn out that certain components of the WWW-BE will be
more valuable and relevant than others in some settings. Hence, the po-
tential flexibility offered by themodular nature ofWWW-BE allows the
choice and prioritization of the relevant components on a case-by-case
basis.

(3) WWW-BE present logistical and cost challenges in dispersed
populations

Critics may argue that WWW-BE pose logistical challenges in dis-
persed populations such as those in rural areas in LICs. This constraint
is cross-cutting, and is even more severe in traditional W-BE because
no centralized systems exists in highly dispersed low-income vulnera-
ble households in rural communities. WWW-BE could be considered
less intrusive and culturally acceptable than individual diagnostic test-
ing especially in low-income settings with strong socio-cultural and re-
ligious norms. Due to severe logistical constraints (e.g., transport,
accommodation), such households also lack access to diagnostic testing
facilities which are often located several kilometres away in urban cen-
tres. Given that both traditional W-BE based on municipal wastewater
analysis and mass diagnostic testing are not feasible in such settings, a
question may then arise, ‘Besides WWW-BE, what alternative tools exist
for COVID-19 surveillance for poor and vulnerable dispersed communities
in low-income settings in the foreseeable future?’. Here, it is argued that
the proposed WWW-BE could be adapted to fill this gap, where solid
waste such as faecal sludge and wastewater or effluents from on-site
sanitation systems substitute raw/untreated municipal wastewater in
traditional W-BE.

Note even in LICs such as those in Africa, dispersed rural communi-
ties or households are often grouped according to traditional local ad-
ministrative structures such as wards, villages, and chieftain-ships.
Individualswithin an administrative structuremay be assumed to inter-
act more, and have a higher chance of contracting SARS-CoV-2 via com-
munity transmission than those among various structures. However,
transmission among different administrative structures such as villages
cannot be ruled out. In this regard, sampling of selected households
within such administrative structures using principles of spatial statis-
tics such as geostatistics, and subsequent analysis of the data using
geo-statistical tools such as kriging and (semi)variograms, and
geoinformatics may provide data on COVID-19 clusters and hotspots.
Such data collection should include potential explanatory variables
such as travelling history, health status, and household demographics.
Given that a typical rural household has at least 8 members, WWW-
BE will be still putatively cheaper than individual testing especially if
such testing can be conducted on-site using mobile testing units that
do not require collection, storage and transport of samples to a central
place. Hence, the development of rapid and low-cost testing kits include
paper-based biomolecular sensors (Liu et al., 2020; Mao et al., 2020)
will be critical in WWW-BE.

(4) WWW-BE lacks data and established tools for back- and
forward-calculations

As discussed earlier, WWW-BE is envisaged to serve a dual purpose
of estimating the prevalence or burden of COVID-19 in a spatial unit,
and subsequent potential transmission patterns via environmental
media. The former requires back-calculation of COVID-19 cases from
WWW-BE datawhile the latter entails a forward calculation or forecast-
ing. Critics may argue that the techniques for back-and forward-
calculation of COVID-19 cases based onWWW-BE data are still lacking.
To overcome this limitation, onemay argue that the tools currently used
for back-calculation in traditionalW-BE can be adapted and extended to
WWW-BE. These back-and forward calculation can be developed based
on artificial intelligence andbig data analytics. Thiswill also require data
on per capita emissions of SARS-CoV-2, and its subsequent behaviour,
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persistence and fate in solid wastes, wastewaters and drinking water
systems. Given that such data are currently lacking even for traditional
W-BE, further research is required to address the data requirements
for both traditional W-BE and WWW-BE.

(5) WWW-BEmay not guarantee better estimates of COVID-19 cases

Some may argue that the inclusion of three environmental media in
WWW-BEmay not guarantee better estimates of COVID-19 prevalence.
However, it should be noted that, similar to traditionalW-BE,WWW-BE
gives estimates with upper and lower bounds or confidence limits of
COVID-19 cases rather than a single absolute value. This is because of
uncertainties associatedwith the analyticalmethods, input data andnu-
merical techniques used for back-and forward- calculations. Similar to
traditional W-BE based on raw/untreated municipal wastewaters, no
data exist in LICs comparing back- or forward-calculated COVID-19
cases estimated usingwastewaters from on-site sanitation systems ver-
sus those from solid wastes such as faecal sludge from non-flushing on-
site sanitation systems and COVID-19 PPE or drinking water systems.
Thus, comprehensive comparative research is required to determine
the accuracy of COVID-cases estimates based each of the proposed
WWW-BE environmental media versus data from diagnostic testing.
Such comparative studies should also provide indicative resources
(time, cots, personnel) required for each component of the WWW-BE.

5. Future perspectives: Looking ahead in low-income-countries and
beyond

Notwithstanding the rationale and merits highlighted, WWW-BE,
like traditional W-BE faces potential challenges in LICs (Table 1). Here,
challenges and potential solutions are discussed.

(1) Biohazards and biosafety concerns

The sampling, analysis and disposal of contaminated solid wastes,
and raw/untreated and partially treated wastewater/sewage from mu-
nicipal sewers and on-site sanitation present potential biohazards in
the form of infectious pathogens (e.g., SARS-CoV-2). Researchers work-
ing in the field of environmental surveillance could be particularly at
risk because LICs have poor and weakly enforced occupational health
and safety guidelines.Moreover, most diagnostic and research laborato-
ries in healthcare facilities and universities in most LICs are not well-
equipped, certified and accredited to international biosafety and quality
assurance and quality control standards (Street et al., 2020; Gwenzi and
Rzymski, 2021). Ideally, laboratories handling infectious biohazards of
the nature of SARS-CoV-2 require biosafety procedures and quality con-
trol and quality assurance protocols certified to at least biosafety level 2
(Won et al., 2020).

(2) Lack of strong research systems and capacity

LICs especially those in Africa have the weakest research systems in
public health, often characterized by: (i) poor research funding, (ii) lack
of research infrastructure, (iii) lack of technical and research expertise,
and (iv) lack of reliable basic services such as communication systems,
and power and water supplies (Gwenzi and Rzymski, 2021). Thus, de-
spite reporting significant COVID-19 cases and deaths, limited research
exists on environmental surveillance of SARS-CoV-2 in LICs. In Africa,
COVID-19 is regarded as an imported diseases, hence the limited re-
sources available are reserved for the prevention and control of further
spread of COVID-19, while research continue to receive a cursory atten-
tion. Similarly, international agencies including those from the United
Nations systems focus on funding the control and mitigation of impacts
of COVID-19, while paying limited attention to research to generate bet-
ter understanding of COVID-19. Therefore, without international collab-
orations and local and international funding, research on WWW-BE
could suffer the same fate.
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(3) Funding mechanisms and research biases

Most LICs especially in Africa spend less than 1% of the gross national
product on research and development, and largely rely on external re-
search funding from developed countries. Conventional research grants
may even exclude certain thematic areas and geopolitical regions, and
often have long approval times. Thus, granting agenciesmay need alter-
native fundingmodels that cater for areas that warrant urgent research
attention (e.g., COVID-19). Traditionally, epidemiology has been limited
to the detection of causative pathogens and diseases transmission in
humans and clinical settings while paying limited attention to environ-
mental epidemiology such as the environment reservoirs of human
pathogens (Gwenzi and Sanganyado, 2019). As the importance of envi-
ronmental reservoirs of human pathogens including COVID-19 and
other water-borne diseases (e.g., cholera, typhoid) becomes more ap-
parent, this may need to change to better understand human disease
dynamics and the detection of pathogens in environmental compart-
ments outside clinical settings.

(4) Potential uncertainties in WWW-BE COVID-19 data

Similar to traditionalW-BE, estimates of COVID-19 prevalence based
onWWW-BEmay have high uncertainties (Li et al., 2021). These uncer-
tainties arise from analytical errors including false positive and negative
results (Katz et al., 2020;Wikramaratna et al., 2020). For example, using
W-BE, Ahmed et al. (2020) estimated median values of between 171
and 1090 COVID-19 cases, which varied by about one factor of magni-
tude. Moreover, the use of a wide range of surveillance media in
WWW-BE may add another layer of complexity to the interpretation
of theWWW-BE data. Thus, further work is required to improve the ac-
curacy of estimates of COVID-19 cases based on traditional W-BE and
the proposedWWW-BE. The inclusion of wastewater from on-site san-
itation systems, solid waste, and drinking water systems could provide
additional data to constrain the model estimates based on traditional
W-BE alone.

(5) Integrating risk communication and mitigation in WWW-BE

The inappropriate communication of results ofWWW-BEmay cause
unnecessary panic in locations identified to have COVID-19 clusters and
hotspots, and complacency in those with low or no COVID-19 cases.
Such behaviours could be counter-progressive and retrogressive in the
fight against COVID-19. Therefore, there is a need for proper risk com-
munication to stakeholders and the public. To maintain confidentiality
and privacy, WWW-BE outputs should be presented as aggregated or
clustered data (e.g., by village, community, catchment etc.) rather
than for specific individual households. The risk communication strat-
egy should be an integral part of a broader COVID-19 strategy including
awareness campaigns and implementation of various control measures
as outlined by theWorld Helath Organization (2020). The risk commu-
nication strategymay need to be jointly developed by experts in science
communication, mass communication, and public health.

(6) Regulatory and policy frameworks

COVID-19 is an emerging infectious humandisease, representing the
first significant outbreak of SARS in some of the LICs especially those in
Africa. Hence, most countries still lack the regulatory and policy frame-
works to govern research on COVID-19. In cases where such regulatory
and policy frameworks exist, they are likely to be highly stringent given
the health risks and infectious nature of COVID-19. Thus, conducting re-
search on COVID-19 could take considerable time in terms of applica-
tion and granting of approvals. Such regulatory and policy frameworks
could even be more stringent for international researchers due to con-
cerns over the fear of potential unethical research, including the testing
of unapproved drugs and vaccines. These concerns are so strong in
Africa and evidenced by the public outcry that occurred following a
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proposal by French scientists to conduct COVID-19 research entailing
thedevelopment and testing of vaccines in Africa (BBC, 2020).Measures
to overcome such resistance and perceptions are discussed in an earlier
paper (Gwenzi, 2020b), and this include a transparent process entailing
joint conceptualization, design and implementation of research, and
subsequent co-sharing of results and benefits including intellectual
property rights such as vaccines arising from such research. Therefore,
the development of supportive policy and regulatory frameworks is
critical in promoting COVID-19 research including WWW-BE in LICs.

(7) The role of socio-cultural and religious norms and the human fac-
tor on COVID-19

LICs tend to have strong socio-cultural and religious norms that may
have an impact on research on WWW-BE. For example, human health
and sickness are often considered family secrets and are kept as confi-
dential information not shared with strangers and outsiders. Moreover,
ill-health or contracting diseases may be stigmatized and associated
with certain superstitions and even witchcraft. Thus, any research
entailing obtaining information on family health issues and COVID-19
could be considered as highly socially intrusive, hence respondents
may not volunteer accurate information. In some socio-cultural and re-
ligious settings, sampling wastewater/effluent, sewage and faecal mat-
ter from on-site sanitation systems may not be acceptable. Although
these issues may appear trivial, they cannot be simply addressed
through obtaining consent and research approvals. The less or non-
intrusive nature of WWW-BE may make it ideal for such settings.

A number of perceptions, attitudes andmyths exist on the transmis-
sion and health risks of COVID-19 in LICs especially in Africa (Gwenzi,
2020a, b). Such perceptions, attitudes and myths affect human behav-
iour, in turn affect the spread and control of SARS-CoV-2. Human atti-
tudes, perceptions and behaviours towards COVID-19 are currently
not addressed in traditional W-BE, and may need attention in WWW-
BE. These issues may have a significant bearing on the reliability of re-
search results, and opportunities to conduct research on and apply
WWW-BE in LICs.

(8) The emerging ‘bandwagon/Matthew’ effect: A call to put COVID-
19 research back on track

A rapid internet search and closer examination of the literature pub-
lished in 2020/2021 after the early works documenting SARS-CoV-2 in
the gut and faeces of infected persons and raw/untreated wastewaters
(Tang et al., 2020; Medema et al., 2020a, b) revealed the following
emerging trends:

(1) An increasing number of studies on SARS-CoV-2 detection in
wastewaters, and use of W-BE to determine COVID-19 preva-
lence, albeit often in different countries from those initially re-
ported (e.g., Nemudryi et al., 2020; Sherchan et al., 2020; Wu
et al., 2020; Bar Or et al., 2020; Kocameni et al., 2020; Gibas
et al., 2021; Haramoto et al., 2020; Hata et al., 2021; Hasan
et al., 2021; Prado et al., 2021; Scott et al., 2021; Weidhaas
et al., 2021; Hokajärvi et al., 2021; Westhaus et al., 2021;
Gerrity et al., 2021; Ahmed et al., 2021a, b; Hemalatha et al.,
2021; D'Aoust et al., 2021; Carrillo-Reyes et al., 2021).

(2) More recent reviews and perspectives based on analysis of rela-
tively the same empirical evidence on SARS-CoV-2 detection in
wastewaters and the potential health risks (e.g., Giacobbo et al.,
2021; Anand et al., 2021; Hill et al., 2021; Kumar et al., 2020a,
b, 2021; Godini et al., 2021; Foladori et al., 2020; Bhatt et al.,
2020; Achak et al., 2020; Hamouda et al., 2020; Heneghan et al.,
2021; Hoseinzadeh et al., 2020; Lesimple et al., 2020; Patel
et al., 2020).

By comparison, globally, since the outbreak of COVID-19 towards the
end of 2019, only a handful of papers exist on SARS-CoV-2 detection in
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groundwater and surface water systems impacted by wastewaters
(Fongaro et al., 2021; Kolarević et al., 2021; Rimoldi et al., 2020;
Guerrero-Latorre et al., 2020; Mahlknecht et al., 2021; Haramoto et al.,
2020). The situation is evenmore dire in the case of SARS-CoV-2 detec-
tion in drinking water supply systems and shared on-site sanitation fa-
cilities in LICs. For example, only two empirical studies were identified
on SARS-CoV-2 detection in shared latrines/toilets (Amoah et al.,
2021; Del Brutto et al., 2021), while no studies were found on drinking
water supply systems.

Two reasonsmay account for the predominance of studies onwaste-
waters and W-BE relative to other environmental media: (i) the band-
wagon or Matthew effect, and (ii) the North-South knowledge
asymmetry. The bandwagon or Matthew effect occurs when one aspect
is frequently investigated than other equally important ones simply be-
cause it has been widely reported in previous studies (Daughton, 2014;
Gwenzi, 2020a, b). The North-South knowledge asymmetry relates to
the lower research capacity and productivity in the global south
where the bulk of the LICs are found relative to their developed counter-
parts in the global north. This knowledge asymmetry translates to less
data being available on common on-site sanitation systems, surface
water and groundwater, solid waste, and drinking water systems in
LICs. These aspects are excluded in research on COVID-19 in developed
countries because they are less relevant in such settings due to effective
multi-barrier systems. Hence, the focus in such settings is raw/un-
treated wastewater from centralized systems, and the associated tradi-
tional W-BE.

While the increasing evidence may be indicative of a maturing field
of study, the proliferation of field studies and reviews on wastewater
and W-BE have a number of potential limitations. Some may argue
that, besides validating earlier results in newgeographical settings, sub-
sequent studies may provide limited new insights relative to the
pioneering ones. The bias induced by the bandwagon or Matthew effect
may have adverse effects on decision-making in research priorities and
even research funding (Daughton, 2014; Gwenzi, 2020c). Collectively,
the bandwagon or Matthew effect, and the North-South knowledge
asymmetry may account for the limited research progress on SARS-
CoV-2 detection in shared on-site sanitation facilities, surface water
and groundwater systems, and drinking water supply systems in LICs.
This is despite a number of earlier calls made nearly a year ago for
COVID-19 research to target these aspects (Gwenzi, 2020a, b;
Adelodun et al., 2020; Street et al., 2020). Onemay then raise two ques-
tions: (i)whether or not the scientific community still takes time and effort
to read each other’s work (i.e., prior art) before embarking on new re-
search?, and/or (ii) as Nowakowska et al. (2020) pointed out that
COVID-19 research has gone ‘viral’, could it be that there is now over-
whelming and ever-increasing literature on the COVID-19 to the extent
that research community could no longer cope?

These remarks are made to draw the attention of the research com-
munity, decision and policy-makers including funding agencies to this
emerging research trend on COVID-19. The remarks are meant to be a
wake-up call to the research community and other stakeholders to
take corrective measures if need be, and put the research on COVID-
19 back on track. While these remarks may invite a rebuke and disap-
proval from the scientific community working on COVID-19, one then
wonders whether or not it is high time journalsmake it an editorial pol-
icy to limit the number of reviews on SARS-CoV-2 in wastewaters sys-
tems and W-BE, and field studies reporting the same generic findings
as earlier ones. One hopes that this may encourage more innovative re-
search and the submission of papers that provide new insights on
COVID-19. One such research urgently needed in LICs is to track SARS-
CoV-2 occurrence and fate along drinking water supply systems from
the source/point of abstraction up to the point of human consumption,
paying particular attention to refugee camps, squatter camps and
slums. Such studies will provide the unequivocal evidence that will
put to rest a number of untested hypotheses on novel SARS-CoV-2
transmission through the faecal-oral route (Gwenzi, 2020b).
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(9) Establishing regional research networks and accredited
laboratories

The weak research systems coupled with poor research infrastruc-
ture in individual LICs especially those in Africa will continue to con-
strain research and innovation for the foreseeable future. One strategy
to overcome this constraint is to establish regional research networks
of research teams and accredited analytical laboratories. In the case of
Africa, these regional laboratories can be organized according to the re-
gional economic blocs – for example: (i) Economic Community of West
African States, (ii) Southern African Development Community, (iii)
Community of Sahel-Saharan States, (iv) Economic Community of Cen-
tral African States, and (v) East African Community. Regional research
networks entailing accredited analytical laboratories will facilitate the
pooling of financial resources, research infrastructure, and research
and technical expertise. Such laboratories should be linked to collabora-
tive research entailing capacity-building and training of post-graduate
research students. The regional laboratories can be designed to have
specialized research units focusing on thematic areas of regional impor-
tance including human and animal health and epidemiology, among
others. In this regard, the research unit on human and animal health
may focus on development of surveillance tools (e.g., WWW-BE) for
zoonoses including COVID-19, and antimicrobial resistance, among
other issues. The establishment of such regional laboratories and re-
search networks can be funded by the regional economic blocs, the
Africa Union, and the international community including aid agencies
and developed countries. The role of relevant international agencies
such as those from the United Nations, and developed countries will in-
clude: (i) providing expertise for capacity-building and training of local
experts, (ii) developing global best practices in research and laboratory
procedures including biosafety standards, and quality assurance and
quality control systems, (iii) facilitating global accreditation of such lab-
oratories, and (iv) mobilizing of resources through joint research pro-
jects.

(10) Global collaboration in WWW-BE research on COVID-19

Global research collaboration between LICs and their developed
counterparts may address some of the research challenges highlighted,
while facilitating the sharing and dissemination of results. Such collab-
orations may entail the following: (i) sharing of standardized research
protocols, including biosafety and QA/QC procedures in WWW-BE, (ii)
open and transparent dissemination of research findings and recom-
mendations to promote scientific rigour and avoid unethical behaviour,
(iii) synthesis of research results from WWW-BE across geographical
regions, (iv) joint grant applications and research projects entailing
pilot study in LICs to address cross-cutting research questions and hy-
potheses on WWW-BE, and (v) capacity-building through the training
of technicians, researchers and post-graduate students, and develop-
ment of research infrastructure onWWW-BE. One such global research
network called the COVID-19 WBE Collaborative has been recently
launched (https://www.covid19wbec.org/).

The COVID-19 WBE Collaborative is a research partnership with the
Global Water Pathogen Project and the Sewage Analysis CORe group
Europe (SCORE) network (Bivins et al., 2020). The goal of the COVID-
19 WBE Collaborative is to act as a global hub for the coordination and
promotion of research on W-BE. As the collaborative network matures,
the database is likely to host a large dataset of experimental data from
various sites, whichmay be conceived as ‘big’ data. Thus, the acquisition
and archiving of data on theW-BE repositories should have in mind the
possibility to apply big data analytics (e.g., artificial intelligence, ma-
chine learning) to extract emerging patterns and trends not apparent
in individual studies. Moreover, the integration of genomics, including
whole genome analysis of SARS-CoV-2 in such global research collabo-
rations may yield insights on whether various strains of the virus occur
in various regions. Although, LICs are currently under-represented in
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the network, they are free to join as research partners. Therefore, it is
hoped that more researchers and institutions from LICs, including
those in Africa will join the platform. This is particularly important be-
cause LICs could provide ideal sites for validating theWWW-BE as a hy-
pothesis and decision support tool.

6. Future research directions

Future research to develop, validate and apply WWW-BE as a hy-
pothesis and decision-support tool in LICs should address the following
knowledge gaps:

(1) Detection and fate of SARS-CoV-2 in WWW-BE-relevant media

SARS-CoV-2 detection and fate inWWW-BE-relevantmedia are still
based on a limited evidence base including inferences. Hence, further
investigations are needed to understand the following: (i) SARS-CoV 2
occurrence and fate in raw/untreated and drinking water supply sys-
tems, solid wastes, wastewaters, and shared on-site sanitation facilities
in LICs, and (ii) the capacity of conventional and low-cost treatment
processes (e.g., biosand filtration, solar disinfection (SODIS), biochar fil-
ters, ceramic filters) used in LICs to remove SARS-CoV-2. Such data is
critical to understand the human exposure and health risks through
solid waste, wastewaters, and contaminated drinkingwater supply sys-
tems, and the potential to use the various media in WWW-BE. Hence,
research is required to address these gaps under environmentally rele-
vant conditions in LICs.

(2) Moving beyond SARS-CoV-2 RNA titres to predictive decision-
support tools

The predictive capacity of traditional W-BE, and by inference
WWW-BE, and the tools to convert SARS-CoV-2 RNA data to decision-
support tools remain relatively weak, and have high uncertainties (Li
et al., 2021). To provide accurate results, optimum sampling time and
methods, sample preservation, analyses and interpretation should be
developed considering SARS-CoV-2 survival dynamics in the monitor-
ing media. There is also a need to develop and validate techniques for
back- and forward calculation to estimate COVID-19 cases based on
SARS-CoV-2 data for WWW-BE. Therefore, the next research frontier
inWWW-BE should be on the development and field pilot testing of ac-
curate predictive tools for the estimation of the COVID-19 prevalence,
transmission dynamics, infection and fatality rates given data on
SARS-CoV-2 and their proxies in WWW-BE media.

(3) Potential SARS-CoV-2 intermediate hosts and environmental
correlates

SARS-CoV-2 is not a bacteriophage, but it remains unclear whether
or not some intermediate hosts for SARS-CoV-2 exist in solid wastes
(e.g., rodents), and aquatic systems, including wastewaters and drink-
ing water supply systems. For example, to what extent is SARS-CoV-2
correlatedwith other biological agents such as faecal coliforms and indi-
cator bacteria in aquatic systems? To date, only two studies have inves-
tigated and observed significant moderate correlations between faecal
coliform bacteria and SARS-CoV-2 RNA (Mahlknecht et al., 2021;
Maidana-Kulesza et al., 2021), but the universal validity of such rela-
tionships needs further research. It is also currently unclear whether
or not the presence, viability and infectivity of SARS-CoV-2 are cor-
related with high concentrations of organic, inorganic and biological
contaminants commonly occurring in environmental systems in
LICs. Such relationships can be used to develop proxy indicators of
SARS-CoV-2 in the absence of diagnostic analytical equipment, and
optimize water treatment processes to minimize human health
risks.

(4) Climatic and weather controls on COVID-19 and the validity of
WWW-BE in LICs

https://www.covid19wbec.org/
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Climatic and weather controls on COVID-19 dynamics, and the
mechanisms involved are still poorly understood in most LICs. LICs ex-
perience a predominantly tropical climate with distinct wet and dry
seasons and relatively higher temperatures than those in temperate de-
veloped regions. Some studies have reported significant correlations be-
tween climatic teleconnections and outbreaks of human diseases
including vector-borne viral infections such as Chikungunya, and risk
of hospitalization (Caldwell et al., 2021; Fisman et al., 2016). Yet the ex-
tent to which such climatic and weather drivers determine the validity
of WWW-BE as a hypothesis and decision support tool remains un-
known. It also remains unclear how climatic and weather dynamics
are supposed to be accounted for in COVID-19 prevalence and transmis-
sion estimates based on WWW-BE?

(5) SARS-CoV-2 occupational exposure and human health

Concerns have been raised about SARS-CoV-2 transmission in occu-
pational settings in wastewater and solid waste management systems,
but limited comparative information exists on the human exposure
and health risks among various occupational workers. Thus, research
is required to address the following: (i) Do workers in the solid waste
management system (e.g., informal waste collectors), and wastewater
and drinking water treatment systems have higher exposure and health
risks, and infection rates than their counterparts in other industries?, (ii)
what is the relative contribution of human exposure via solid waste, waste-
water, drinking water and shared sanitation systems to COVID-19 cases
and deaths in LICs?, and (iii)how longwill SARS-CoV-2 persist in an infective
state on workers' clothes, and what is risk of non-occupational exposure to
family members? These potential novel transmission mechanisms are
poorly understood and not accounted for in current evidence on environ-
mental surveillance of COVID-19.

(6) Defining the boundary conditions of WWW-BE

The application of traditional W-BE in developed countries is rela-
tively straight-forward because a large number of the population are
connected to the centralized wastewater systems. By contrast, in LICs,
a diverse mixture of systems for drinking water supply, wastewater,
solid waste, and on-site sanitation management are used to varying ex-
tents. Thus, SARS-COV-2 occurrence in these compartments may result
in complex prevalence and transmission dynamics. Thus, it is critical to
determine the biophysical limits for the application ofWWW-BE for the
current pandemic and even future ones i.e., under what biophysical and
socio-cultural conditions will WWW-BE work as a hypothesis and deci-
sion support tool, and under what conditions is it invalid?

(7) Linking WWW-BE to human health risks and outcomes

A number of open questions relating to methodological issues rele-
vant to WWW-BE and even traditional W-BE still exist, and some of
them are discussed in earlier studies (Kitajima et al., 2020; Westhaus
et al., 2021). A key one is, ‘How do we develop quantitative relationships
betweenWWW-BE data based on SARS-CoV-RNA, and the viability, and in-
fectivity SARS-CoV-2 virions, and the risk of occurrence of adverse human
acute infection cases?’. Answering this question is critical in improving
the accuracy of any environmental surveillance tool including tradi-
tionalW-BE andWWW-BE. Proposals have beenmade to apply quanti-
tative microbial risk assessment (QMRA) based on dose-response
relationships (Kitajima et al., 2020; Gwenzi, 2020b), but empirical
evidence based on such techniques is still limited. A second question
pertains to the lack of epidemiological evidence directly linking occupa-
tional and non-occupational exposure to SARS-CoV-2 in solid waste,
municipal wastewater industry, drinking water and shared sanitation
systems to human health outcomes. These aspects need further re-
search combining QMRA, and case-control human toxicology and epi-
demiological studies.
18
(8) Development and application of novel and emerging
technologies

The development and applications of novel engineered materials
with antimicrobial activities including capacity to inactivate human
viral pathogens including SARS-CoV-2 are a potential research frontier
in the fight against COVID-19. Such novel engineered materials can be
based on redox active metals and metal complexes (Lemire et al.,
2013) as well as nanomaterials (Imani et al., 2020) well-known to
have antimicrobial activities. Potential applications of such materials
may include surfaces and PPE for use by frontline workers in high-risk
settings such as COVID-19 testing centres, quarantine centres,
healthcare facilities, and the funeral industry. Similarly, the develop-
ment, large-scale production and commercialization of novel sensors
for detecting SARS-CoV-2 and its proxies require further research atten-
tion. Such novel sensors may include: (i) low-cost techniques such as
paper-based bimolecular ones, (ii) those for use in mobile systems de-
signed for low-income settings without grid power and cold chain sys-
tems, and (iii) automated and digital ones for high-resolution real-time
environmental surveillance (e.g., wastewater monitoring).

The bulk of existing literature on COVID-19 in LICs is still limited to
SARS-CoV-2 detection in surveillance media using predominantly con-
ventional research tools (e.g., RT-PCR), while paying limited attention
to several novel and emerging technologies. These emerging technolo-
gies include big data analytics (e.g., machine learning, data mining,
artificial intelligence), genomics, in silico or computational techniques,
game theory, and geospatial tools such as geostatistics and geoinformatics.
The use of big data analytics is particularly attractive because WWW-BE
will potentially generate large datasets (i.e., big data) that require better
integration, synthesis and visualization. Analysis of such big data analytics
using conventional univariate statistics presents significant challenges,
which can be addressed using big data analytics. Hence, scope exists to
harness emerging technologies to provide a comprehensive understand-
ing of the occurrence, exposure routes, and human health risks of
COVID-19.

7. Conclusion and outlook

The present paper proposed a WWW-BE relying on SARS-CoV-2
RNA detection in wastewaters, solid wastes, raw/untreated surface
and groundwater, and drinking water systems as a novel hypothesis
and decision-support tool for understanding COVID-19 prevalence and
transmission in low-income settings. The rationale, framework and fun-
damental principles of WWW-BE were discussed in the context of LICs.
The summary empirical and inferential evidence on SARS-CoV-2 detec-
tion and stability in drinking water supply systems, wastewaters, solid
wastes, and raw/untreated groundwater and surface water forms the
basis for WWW-BE.

WWW-BE could provide the following potential insights: (i) spatial
clusters or ‘hotspots’ and temporal ‘hot moments’ of COVID-19, (ii)
transmission patterns, and prevalence or burden of COVID-19 at village,
community, catchment and population levels, and (iii) validate and de-
termine the significance of human exposure to SARS-CoV-2 via the
novel routes such as faecal-oral pathway, fomites and bioaerosols.

WWW-BE data can be used for the following operational applica-
tions: (i) prioritizing or targeting the allocation and deployment of
scarce resources such as PPE, clean drinking water provision, compre-
hensive diagnostic testing of individuals, and location of quarantine or
isolation centres, and (ii) determiningwhether andwhen to implement
and relax COVID-19 control measures such as local and national lock-
downs. WWW-BE integrates COVID-19 data from various sources,
hence putatively requires less resources than traditional surveillance
systems based on mass testing of individuals. Thus, WWW-BE is a po-
tential low-cost tool for COVID-19 surveillance in LICs, where compre-
hensive individual testing is severely constrained by a critical shortage
of resources and logistical challenges.
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The novelty of the WWW-BE includes the following: (i) builds on
and extends traditional W-BE to include surface water and groundwa-
ter, and drinking water supply systems, wastewaters from on-site sani-
tation systems, and solid waste such as faecal sludge from non-flushing
on-site sanitation systems and COVID-19 PPE, which is currently ex-
cluded in traditional W-BE, (ii) its modularity based on the three sub-
components confers it with potential flexibility unlike traditional W-
BE limited to centralized wastewater systems, (iii) it could potentially
serve a dual function in estimating the prevalence or burden of
COVID-19 and subsequent potential transmission patterns via environ-
mental media, and (iv) once fully developed and validated, WWW-BE
could be a potential low-cost and appropriate tool of choice for large-
scale surveillance of COVID-19 and related future outbreaks in LICs.
Overall, the extension of W-BE to WWW-BE could potentially make
the latter more ideal and relevant for understanding COVID-19 to LICs
than the former.

The potential challenges of WWW-BE were highlighted, and these
include: (i) biohazards and biosafety risks, (ii) lack of expertise and
well-equipped accredited diagnostic and analytical laboratories, and
(iii) high uncertainties in estimates of COVID-19 cases arising from an-
alytical and simulation errors. Finally, several knowledge gaps are
highlighted for further research. These challenges and knowledge gaps
need to be addressed before the full potential of WWW-BE can be real-
ized in LICs. Given the weak research systems, coupled with limited re-
search expertise and funding in LICs, the need for regional and global
research collaborations was highlighted. The next logical step is to
initiate and implement research to develop and validate the WWW-
BE hypothesis and decision-support tool in LICs. The current severe
challenges faced by LICs in combating and estimating the prevalence
of COVID-19 provide a strong motivation for WWW-BE. Collectively,
these challenges and the proposed framework should stimulate the
global research community to develop and validate appropriate low-
cost tools to understand prevalence, prevention and control of COVID-
19 and other related epidemics. The outputs of such research will pro-
vide the critical evidence to confirm or refute theWWW-BE hypothesis
or part thereof. It is envisaged that, even a total rebuttal of the WWW-
BE hypothesis may act as a precursor for the development of better hy-
potheses and decision-support tools for large-scale surveillance of
COVID-19 and future related pandemics in LICs.
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