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detection and prevention of viral outbreaks at a population level. One-Health is a relatively new integrative
approach to the solving of global health challenges. A key component to the One-Health approach is the notion
that human health, animal health, and environmental health are all innately interrelated. One-Health inter-
ventions, initiated by veterinary doctors, have proven to be effective in controlling outbreaks, but thus far the
applications focus on zoonotic viruses transmitted from animals to humans. Environmental engineers and en-
vironmental scientists hold a critical role in the further development of One-Health approaches that include
water-related transport and transmission of human, animal, and zoonotic viruses. In addition to waterborne
viruses, the proposed approach is applicable to a wide range of viruses that are found in human excrement since
contaminated water-based surveillance systems may be used for early detection of viral disease. This paper
proposes a greater One-Health based framework that involves water-related pathways. The first step in the
proposed framework is the identification of critical exposure pathways of viruses in the water environment.
Identification of critical pathways informs the second and third steps, which include water-based surveillance
systems for early detection at a population level and implementation of intervention approaches to block the
critical pathways of exposure.

Waterborne disease
Wastewater epidemiology

1. One-health and viral disease

The burden of viral disease is a global concern. Due to their unique
properties, viruses have a particular relevance when analyzing the in-
teraction among humans, animals, and the environment. Viruses are
small compared to other pathogens, facilitating transport in the en-
vironment. Moreover, their resistance to disinfection and ability to
survive for prolonged periods in water and solids make their trans-
mission from the environment to suitable hosts likely. This is com-
pounded by their low infectious dose, inability to be treated by anti-
biotics, and their proclivity for adaptive mutation. Additionally, viruses
do not replicate outside their host cells, therefore detection in en-
vironmental samples can be directly related to the human or animal
population that excreted these viruses.

Fig. 1 summarizes viral exposure pathways and the relevance of the
One-Health approach. One-Health is a relatively new approach to the
solving of global health challenges. Formally put forth by the One
Health Commission in 2007, the concept is defined as “the collaborative
effort of multiple disciplines — working locally, nationally, and globally

— to attain optimal health for people, animals and our environment
[1].” Consequently, a key component to the One-Health approach is the
notion that human health, animal health, and environmental health are
all innately interrelated. The quality and well-being of one group can
directly and indirectly impact the quality of the other two groups. By
taking all three aspects of health into account, solutions can be gener-
ated that not only address the health problems of a specific group but
mitigate the source of those problems as well.

Much of the current work using the One-Health approach is focused
upon the exposure pathway between humans and animals, while the
water-related exposure pathway has not been thoroughly investigated
from a One-Health perspective. The purpose of this paper is to explore
water-related exposure pathways as they relate to human, animal, and
environmental health, to explore the possibility of surveillance of water
and wastewater systems as means of identification of endemic disease
and potential outbreaks at a population level, and to develop a fra-
mework with which to apply the One-Health methodology for early
detection and management of water-related viral outbreaks.
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Fig. 1. Schematic representing the relevance of One-Health to viral disease.

2. Burden of viral disease

Communicable disease is one of the leading causes of death
worldwide. Lower respiratory infections were responsible for 3.0 mil-
lion deaths in 2016 according to the World Health Organization
(WHO), and diarrheal infections contributed to another 1.4 million
deaths in the same year [2]. Viral diseases contribute to these cate-
gories; influenza, coronavirus, and adenovirus are all considered lower
respiratory infections, and viruses such as rotavirus can cause diarrheal
disease. Viral disease outbreaks occur often, with WHO reporting out-
breaks of influenza, coronavirus, hepatitis E, yellow fever, Ebola virus,
Zika virus, poliovirus, dengue fever, and chikungunya in 2017 alone,
located in countries all over the world such as Brazil, Chad, China,
France, Italy, Saudi Arabia, and Sri Lanka [3]. Moreover, environmental
factors such as water, soil, and zoonotic vectors such as mosquitos and
animals have been cited as important contributing factors to viral
outbreaks [4].

WHO gathers surveillance statistics for specific viruses and esti-
mates between 290,000 to 650,000 annual deaths from influenza,
greater than previous estimates [5]. Data from February 2018 indicated
that the disease burden of influenza was highest in north and east
Africa, South America, and Europe [6]. Data from the WHO Mortality
Database shows over 100,000 deaths from viral hepatitis since 2012
throughout the world [7]. Outbreaks of gastrointestinal disease are also
common around the world. Rotavirus, for example, is associated with
high rates of pediatric mortality; rotavirus infection was found to be
responsible for approximately 453,000 pediatric deaths in 2008
worldwide, accounting for 5% of all deaths in children younger than
five years [8]. Viral disease also disproportionately impacts poorer
communities around the world. The aforementioned rotavirus study
determined that over half of the pediatric rotavirus deaths worldwide
occurred in just five developing nations (Democratic Republic of the
Congo, Ethiopia, India, Nigeria, and Pakistan) [8]. Academic studies
assessing global disease burden also report substantial burden due to

viral disease. One study investigating global foodborne disease burden
reported approximately 684 million disease cases and 212,000 deaths
due to norovirus globally for the year 2010, the largest for any pa-
thogen studied [9]. The same study found hepatitis A virus responsible
for approximately 47 million illnesses and 94,000 deaths in 2010 [9].

Beyond diseases arising from direct infection, there are other sec-
ondary diseases associated with viruses, such as cervical cancer, which
is strongly associated with papillomavirus [10]. Other viruses have also
been linked to increased incidences of heart disease [11,12] and kidney
disease [13], particularly in immunocompromised patients. Ad-
ditionally, it is thought that the true impact of viral disease is under-
estimated. Many disease outbreaks are reported to be caused by agents
of unknown etiology, and some of these outbreaks are suspected to be
viral in origin [14]. A One-Health approach could assist in discovering
the origin of these disease outbreaks.

In the United States, the Centers for Disease Control (CDC) publish
surveillance statistics regarding the rate and occurrence of disease for a
number of human viruses, including influenza [15], adenovirus [16],
hepatitis A virus [17], rotavirus [18], and West Nile virus [19]. Annual
summaries of these surveillance statistics are published in various forms
from the CDC. The Summary of Notifiable Diseases (SoND) is an annual
report containing information on those diseases for which “regular,
frequent, and timely information regarding individual cases is con-
sidered necessary for the prevention and control of the disease or
condition”, a list of which is updated regularly by the CDC. Viruses
reported in the SoND include hepatitis A virus, West Nile virus, and
Dengue virus [20]. The CDC also maintains the National Outbreak
Reporting System (NORS), which includes information on the number
of disease cases and outbreaks for a number of infectious agents, in-
cluding norovirus, rotavirus, and sapovirus. Influenza statistics are re-
ported most frequently by the CDC via published FluView Weekly In-
fluenza Surveillance Reports, documenting the number of cases of
influenza and influenza-like illnesses in the United States. Each of these
sources includes both monthly and geographic data regarding disease
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cases. This allows for the analysis of viral disease trends on both a
temporal and spatial basis, many of which are unique from one virus to
another [20-26].

3. Viruses of concern

Viruses that infect humans can be both specific to humans and
zoonotic in nature. Human viruses are categorized as those that ex-
clusively infect humans and are transmissible from the environment to
humans or from human to human. Zoonotic viruses, meanwhile, are
defined as viruses “which are naturally transmitted between vertebrate
animals and man” [27]. Zoonotic viruses can also be further split into
direct and indirect categories. Direct zoonoses involve infection via
direct contact between humans and animals, such as skin contact, a
bite, or ingestion of tissue. Indirect zoonoses, meanwhile, require a
vector or vehicle for transmission of the virus between humans and
animals [27].

Viruses can also be divided to categories based on their water-re-
lated transmission potential. This classification was put forth by
Bradley (1977), splitting water-related infections into four main cate-
gories: water-washed infections (diseases arising from poor hygiene)
and water-based infections (infections from worm parasites that spend
their life cycle in an aquatic environment), as well as waterborne in-
fections and infections with water-related insect vectors, the latter two
designations being most relevant when discussing water-related viruses
[27-29]. The foremost category is that of waterborne viruses, in which
a virus is present in water and infection occurs via ingestion of the
contaminated water source. Waterborne viruses will often enter the
water source due to fecal contamination, making waste and wastewater
management a critical pathway for tracking the spread of viral water-
borne disease. The second important category of water-related viruses
are those with water-related insect vectors [27]. This includes viruses
transmitted by insects that breed in water, such as mosquitos, which
carry numerous significant human viruses, such as Zika virus and West
Nile virus. In areas where primary water sources may be infested with
these insect vectors, this is critical pathway for the spread of viral
disease. Finally, another potential transmission pathway for water-re-
lated disease is the aerosolization of contaminated water [27,30], in
which viruses capable of respiratory transmission are inhaled following
aerosolization.

With these categories of zoonotic and water-related viruses in place,
there is potential for crossover among them; some viruses may be both
zoonotic and water-related. In a report on waterborne zoonoses in
2004, WHO put forth criteria for determining if a pathogen meets these
qualifications: the pathogen must spend part of its life cycle within
animal species, it is probable the pathogen will have a life stage that
will enter water, and transmission of the pathogen between humans and
animals must be through a water-related route. If a virus meets all of
these, it can be classified as a zoonotic water-related virus.

Table 1 lists several human viruses of concern (including all viruses
included in SoND) and classifies them according to the aforementioned
categories. As mentioned above, a primary exposure pathway to viral
disease for humans is wastewater. The ability to detect viruses in
wastewater is therefore critical for investigation via One-Health, and
this information is also summarized in Table 1. As noted in the table,
several of these viruses fall under multiple categories, being both water-
related and zoonotic. For instance, enteroviruses, hepatitis E virus, and
rotaviruses are all classified as waterborne viruses, and each of them
has been reported to have potential zoonotic properties as well, as cases
of these viruses have been observed in animals [27]. Additionally, a
number of viruses are zoonotic due to their transmission between
mosquitos and humans, such as West Nile virus, Zika virus, and Dengue
virus [31-33]. Zoonotic diseases comprise approximately 64% of all
human pathogens, with viruses accounting for 5% of pathogens [34].
Zoonoses are also responsible for 26% of the disease burden in low-
income countries, whereas they only account for 0.7% in wealthier
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Table 1
Categorization of notifiable, waterborne, water-related, and potentially water-
related human viruses of concern [27,31-33,36-52].

Detected in
wastewater
or human

Virus Transmission route

Water-
related

Human-to- Zoonotic Waterborne

human excrement

transmission

Adenoviruses
Astroviruses
Enteroviruses
Hepatitis A virus
Hepatitis E virus
Noroviruses

SN

Rotaviruses
Aichi virus
Polyomaviruses
Salivirus
Sapovirus
Torque Teno

virus
Dengue virus
West Nile virus
Zika virus

L N N N N N N N U N
AN
A U N O O O N N N N

Yellow fever
virus
Chikungunya
virus
Rift Valley fever
virus
Coronaviruses
Ebola virus
Influenza
Herpesvirus
Papillomavirus
Parechovirus
Arboviral v
diseases”
Hepatitis B virus
Hepatitis C virus
HIV
Rabies
Rubella
Smallpox
Varicella
Crimean-Congo
hemorrhagic
fever virus
Marburg virus
Arenaviruses”

AN S O O U U N U N N

A U U U N . N

SN
SN

XX XXX

v
v

AN

? Including California serogroup, eastern equine encephalitis, Powassan, St.
Louis encephalitis, and western equine encephalitis viruses.
b Including Lassa, Lujo, Guanarito, Junin, Machupo, and Sabia viruses.

nations [35].

Moreover, many of the viruses listed in Table 1 have been reported
as detected in wastewater or human excrement. This is important as it
signifies that these viruses are present or potentially present in aquatic
pathways. This is true even for viruses that are not typically designated
as waterborne or water-related, such as influenza, herpesvirus, and
papillomavirus.

Regarding animal viruses of concern, the U.S. Department of
Agriculture (USDA) issues annual reports of the domestic status of re-
portable diseases put forth by the World Organization for Animal
Health (OIE) [53]. Table 2 summarizes livestock viral diseases that
were reported as present in the United States by the USDA. Many of the
same viral families that affect humans are represented in this list, in-
cluding Coronaviridae, Flaviviridae, Herpesviridae, Orthomyxoviridae, and
Reoviridae. A few of the reportable viral animal diseases are also con-
sidered zoonotic, which are of even greater significance to human
health.

The USDA also collects and maintains disease data for domesticated,
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Table 2

Summary of viral OIE reportable diseases (2016) for livestock [53-63].
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Disease

Virus

Viral family

Animals affected

Zoonotic Water-related

Detected in animal waste

Aujeszky's disease

Avian infectious bronchitis
Avian infectious laryngotracheitis

Avian influenza
Bluetongue

Bovine viral diarrhea

Caprine arthritis/encephalitis
Eastern equine encephalitis
Epizootic hemorrhagic disease
Equine herpesvirus 1

Equine infectious anemia

Equine influenza

Equine viral arteritis
Infectious bovine rhinotracheitis
Infectious bursal disease

Maedi-visna
Myxomatosis
Newcastle disease

Porcine reproductive and respiratory syndrome

Rabies

Transmissible gastroenteritis
Turkey rhinotracheitis

West Nile fever

Suid herpesvirus 1
Avian IB virus
Gallid herpesvirus 1
Influenza A virus
Bluetongue virus
BVD virus 1

CAE virus

EEE virus

EHD virus

EHV-1

EIA virus
Influenza A virus

Equine arteritis virus
Bovine herpesvirus 1

IBD virus

Visna virus
Myxoma virus
Avian avulavirus 1
PRRS virus
Lyssaviruses

TGE coronavirus

Avian metapneumovirus

West Nile virus

Herpesviridae Swine v v
Coronaviridae Birds v
Herpesviridae Birds v
Orthomyxoviridae Birds, Mammals v v
Reoviridae Ruminants v

Flaviviridae Cattle v
Retroviridae Goats

Togaviridae Equines v

Reoviridae Ruminants v

Herpesviridae Equines v

Retroviridae Equines

Orthomyxoviridae ~ Equines v
Arteriviridae Equines

Herpesviridae Cattle v
Birnaviridae Birds

Retroviridae Sheep v
Poxviridae Rabbits

Paramyxoviridae Birds v v
Arteriviridae Swine

Rhabdoviridae Mammals v

Coronaviridae Swine v
Paramyxoviridae Birds

Flaviviridae Mammals, birds v v

agricultural, and wild animals, primarily via the National Animal
Health Surveillance System (NAHSS). A number of viruses are in-
vestigated via NAHSS for various animals, including influenza A virus
in swine [64], and herpesvirus and West Nile virus in horses [65,66].
Annual reports regarding cases of equine West Nile virus in domes-
ticated horses are published via NAHSS, making them a useful com-
parison to reported human cases of West Nile virus [66]. In addition to
domesticated animals, wild animals are also an important considera-
tion, as wildlife has been shown to be a source of disease to both li-
vestock and humans [62].

4. One-health methodology: current status

The One-Health approach has recently been applied to combat
zoonotic viral disease, spearheaded by the veterinary community. Viral
infection in humans can be prevented with the use of vaccinations, a
common practice for a number of viruses for which vaccines have been
developed, including influenza [67], poliovirus [68], and rotavirus
[18,69]. Vaccines are known to lessen the disease burden in a popu-
lation both by preventing infection and promoting herd immunity [70].

In cases for which the pathway to human infection has an inter-
mediary animal vector between the host organism and humans, the
vaccination of the intermediary animal could also prove vital. This was
performed in one of the most successful One-Health implementations to
date, for a Hendra virus outbreak in Australia. Hendra virus is one of
several zoonotic viruses, including Nipah virus, Tioman virus, and
lyssavirus, that originate in bats. It was determined that Hendra virus is
first transmitted from bats to horses before being transmitted to hu-
mans, and no direct infection between bats and humans was observed.
Therefore, a Hendra virus vaccine was developed for horses in order to
eliminate the transmission route to humans [71].

On different occasions the strategy is to eliminate or lessen the
disease vector responsible for transmission of the disease to humans; for
example, mosquito control strategies can be utilized to lessen the
burden of West Nile virus, Zika virus, and other viruses for which
mosquitos are the primary transmission vector. Chemical methods of
mosquito control (such as insecticides, insect growth regulators, and
sprays) are commonly used, though these methods could also have an
adverse effect on the health of humans, animals, and the surrounding
environment, which are of important consideration to the One-Health
approach. More “eco-friendly” options are also recently in use, such as

sterile insect techniques and plant-based non-harmful mosquitocidals
[72]. A One-Health approach has been shown in the past to be effective
at reducing costs and improving efficiency in the mitigation of Rift
Valley fever virus to improve public health [73].

Smaller-scale policy changes that focus on particular viruses could
also help to curb the spread of viral disease. For example, after it was
determined that bats were the host species and civets the transmittance
vector species for SARS coronavirus, affected areas (such as China)
enacted bans on civet trading and the mixing of bats with other species
in local markets [71]. This shows that policies can be created to require
the use of interventions to block exposure pathways for particular
viruses. Public education is also a useful approach, utilized with out-
breaks of Nipah virus in Malaysia and Bangladesh, in which people
were encouraged to avoid direct contact with bats and taking pre-
ventative measures to minimize the chances of viral transmission [71].

5. One-health methodology: proposed approach for water-related
viruses

Still, these One- Health success stories have focused on zoonotic
viruses, concentrating on how animal health relates to human health.
Because viruses can be transmitted in a variety of exposure pathways,
environmental health is also of vital importance. While environmental
considerations have begun to be considered on a more local scale [74],
these aspects have still not been as thoroughly investigated using the
One-Health approach. Environmental engineers and scientists therefore
have a critical role in the application of the One-Health methodology.

In the application of the One-Health concept to combat water-re-
lated viral disease, a three-tiered approach is appropriate (Fig. 2). The
first step is to identify critical pathways of exposure. The goal of this
step is to identify and prioritize environmental virus reservoirs and
critical exposure pathways that facilitate transmission and transport of
viral disease among humans and animals. The second step is to design
surveillance of the critical environmental reservoirs and pathways. The
goal of this step is to identify critical times and critical locations for the
onset of water-related viral outbreaks. The final step is to design in-
tervention approaches. The goal of this step is design barriers to in-
terrupt critical pathways at critical times and locations.
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Fig. 2. Concept map of the proposed One Health framework.

5.1. Identification of critical pathways

To determine critical pathways of exposure the following should be
identified: 1) potential sources/reservoirs of viruses in environmental,
human and animal systems; 2) natural processes that affect transport
within and between systems; 3) human behaviors that affect exposure
to viruses, such as management practices for water, wastewater, agri-
cultural waste, human disease determinants, and animal disease de-
terminants. The goal of this step is to prioritize the most critical re-
servoirs and exposure pathways for viruses. Fig. 3 presents an example
of water-related pathways that include urban and rural areas in the US.

There are several potential pathways by which humans are exposed
to waterborne or water-related viruses. The foremost among them is the
ingestion of contaminated water. Surface water, treated or untreated,
may be used as a drinking water source, and there are a number of
pathways for viral contamination of surface water. In urban areas,
combined sewer overflows during high rainfall events can introduce

Human Waste - Centralized
Wastewater Management

untreated wastewater into surface water bodies. In impoverished areas,
people often dispose untreated wastewater into surface water bodies
that are used elsewhere for drinking water, for example downstream of
a river. Even treated wastewater effluent, which is often released into
surface water, can contain detectable concentrations of human viruses
[75]. Treated or untreated livestock waste and wildlife waste is also
washed off the land during precipitation events and can be carried into
surface water bodies via runoff, and animal wastes have been shown to
be a potential exposure pathway of disease to humans [76]. In addition
to ingestion of water, recreational exposure to contaminated surface
water, for example in public swimming pools or on public beaches, can
be a pathway of viral infection via surface water [77,78]. Groundwater
and/or aquifers are also used as drinking water sources around the
world, and various pathways exist for the contamination of these
sources. For example, in rural areas which dispose of wastewater in
private septic systems, the leakage of these septic tanks may allow for
the leaching of contaminated wastewater into a groundwater source
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zoonotic viruses) that breed in water — inhalation of aerosolized wastewater

Fig. 3. Example of water-related pathways for viruses in the United States.
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[79,80]. Another pathway for exposure to waterborne disease is the
consumption of food that has been contaminated during the agri-
cultural process. This could be due to irrigation using contaminated
water as well as uptake from contaminated soil or sediment. Biosolids
(treated wastewater sludge) are often used as an agricultural soil
amendment, and viruses are known to have been detected in these
biosolids [14,81]. Manure or livestock is a possible source of con-
tamination, whether it is used as a fertilizer or transported in the
agricultural environment [82]. Wildlife waste could also contaminate
soils and sediments, just as it can contaminate surface water [83].
Data collection is crucial to attain preliminary information for the
identification of critical pathways for viral transmission. Numerous
governmental agencies publish data regarding clinical cases of disease
both spatially and temporally. Animal disease data can also be collected
and analyzed in this manner, but there is a need for an integrated
human-animal disease surveillance to assess zoonotic disease occur-
rence [84]. Additionally, appropriate data that may indicate correla-
tions with spatial and temporal patters may be compiled and analyzed.
Numerous factors may contribute to the likelihood of infectious disease
in certain areas or time periods, including but not limited to hydro-
logical patterns (e.g. precipitation) [85], land use [86], human/live-
stock/wildlife population density [87], and others. Potential pathways
can be prioritized to determine which are most relevant to the region
being studied. A system of weight factors could be developed to per-
form prioritization quantitatively with the use of a statistical model. For
example, the degree of regulation of wastewater, storm-water, and li-
vestock waste could impact the importance placed upon the potential
pathways associated to the impact of waste disposal systems.

5.2. Design of surveillance systems

The second step in the framework is to design surveillance systems
of the critical environmental reservoirs and pathways that will allow for
early detection of outbreaks. The objective is to identify critical times
and critical locations for the onset of viral outbreaks. This can be
achieved by monitoring viral disease indicators (such as concentrations
of viruses or other indicators) in critical reservoirs identified in the
previous step. The approach includes environmental sampling (such as
polluted wastewater from a particular population), as well as clinical
samples from infected people, livestock and wildlife. Regular mon-
itoring of critical reservoirs will identify peaks in viral concentrations or
indicators that in turn can be related to early signals of disease out-
breaks.

The central premise of the proposed surveillance approach is that
community fecal pollution represents a snapshot of the status of public
health or livestock health. Traditional human and livestock disease
detection and management systems are based on diagnostic analyses of
clinical samples. However, these systems fail to detect early warnings of
public health threats at a wide population level and fail to predict
outbreaks in a timely manner. Wastewater analysis, manure analysis, or
polluted water analysis is equivalent to obtaining and analyzing a
community-based urine and fecal sample of the representative sub-
watershed. Monitoring temporal changes in pathogen concentration
and diversity excreted in a sub-watershed allows early detection of
outbreaks (critical moments for the onset of an outbreak). In addition,
carefully designed spatial sampling will allow detection of locations
where an outbreak may begin to develop and spread (critical locations
for the onset of an outbreak). Modeling the fate of pathogens, including
shedding rates, transport, growth and inactivation processes in the
environmental, are critical for the effectiveness of the proposed
method.

Fig. 4 presents an example of potential surveillance systems that
could be implemented. Urban communities offer a convenient point of
sampling at the influent of a wastewater treatment plant. Untreated
wastewater can be considered as a population sample for the serviced
community. Wastewater can therefore be used as an epidemiological
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tool to help identify potential viral outbreaks.

The goal of wastewater-based epidemiology is to sample community
wastewater, or polluted water, to identify spikes in concentrations of
excreted viruses before clinical cases are reported. Already employed in
Europe to quantify illicit drug use in a population [88,89], wastewater-
based epidemiology can also be applied to quantify the approximate
concentrations of viruses in the population serviced by a wastewater
treatment plant. Urban wastewater treatment plants that serve me-
tropolitan areas sometimes have several interceptors at which waste-
water is collected. Sampling at each interceptor and mapping each in-
terceptor to the specific neighborhoods it serves can facilitate virus
occurrence data collection representative of each serviced area of the
city. Should viral concentrations be observed to be higher in one in-
terceptor than the rest, the corresponding serviced area would therefore
be of greater concern for a potential viral outbreak. Sampling in rural
areas is more complex and necessitates the determination of where in
the environment to sample, which can be based upon watershed
modeling and microbial source tracking.

Several factors are of importance to attain reliable data when using
wastewater-based epidemiology. Normalization of population is vital to
ensure that a significant increase in viral concentration in a wastewater
sample does not correspond to an increase in population in the serviced
area. This can be performed with the quantification of biomarkers in
the wastewater sample, substances that are natural excreted by humans
in constant quantities. Other factors that need to be considered include
shedding rate (the number of viruses excreted by infected humans) and
natural degradation (the rate at which viruses degrade in the waste-
water environment). Comparison and correlation with clinical data in
the surrounding community is also a valuable tool to confirm the
credibility of the methodology.

While wastewater-based epidemiology can primarily be utilized for
the examination of waterborne viruses, it has the potential to be applied
to non-waterborne viruses as well, provided those viruses can be de-
tected in wastewater or human waste. As shown in Table 1, numerous
viruses not typically classified as waterborne meet these criteria, such
as influenza, coronavirus, herpesvirus, dengue virus, and Zika virus. In
addition to the surveillance of wastewater, it is also prudent to perform
surveillance of agricultural livestock and other domesticated animals.
Other critical pathways identified in step one (see Fig. 3) could fall
under this methodology as well.

5.3. Intervention approaches

The third and final step is to design intervention approaches. The
goal is to design barriers to interrupt critical pathways at critical times
and locations. These interventions may include: (1) sustainable en-
gineering technologies for human and animal water/wastewater/waste
management, (2) medical and veterinary interventions to manage in-
fections, and (3) education of local communities and governance to
modify human behavior, current practices and policy based on re-
lationships between environmental health, human health and animal
health.

The foremost intervention for waterborne viruses is that of drinking
water and wastewater treatment facilities. Both types of treatment
plants provide the most immediate barrier between a drinking water
source and consumption and utilize several unit processes, such as fil-
tration and disinfection, to ensure the removal of pathogens, including
viruses, from water. Both types of treatment plants have been shown to
be effective at reducing the concentrations of human viruses from in-
fluent to effluent, but it has also been shown that wastewater treatment
plants may release viruses in effluent [14,75,90-95]. There also exist
interventions to prevent non-point-source pollution of water sources.
One such intervention is that of watershed protection plans set by the
states. Similarly, stormwater management is implemented in several
states based on multiple strategies [96-99].

Numerous policy measures in the United States and abroad can be
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URBAN COMMUNITIES

Composite sampling of
centralized wastewater
utility influent at time
intervals

Viral abundance and diversity

Process-based virus fate modeling, Statistical modeling, Data-driven
predictive modeling (population biomarker data, water quality data,
hydrological data, weather data, public health records)

Current status of endemic disease and early signals for detection of emerging disease

Fig. 4. Proposed surveillance system. Notes: sampling and characterizing community wastewater, livestock manure, and wildlife waste represents a snapshot of the

status of community human and animal health.

considered examples of the permanent implementation of interven-
tions. Since the Safe Drinking Water Act in 1974, a number of addi-
tional policies have been put into effect to strengthen water quality and
prevent disease. The EPA sets Maximum Contaminant Levels (MCLs) for
several contaminants, including viruses; drinking water treatment fa-
cilities are required to attain a 4-log reduction in viral concentration to
meet the MCL for viruses [100]. Another example, the Groundwater
Rule, was put into effect in 2006 and requires the regular surveillance
of groundwater sources that are used for drinking water to ensure that
MCLs for pathogens are met [101]. Internationally, the Guidelines for
Drinking-water Quality put forth by WHO is used as a basis for the
setting of regulations [102]. There still exists a need, however, for the
regulation of animal waste products, especially in rural areas in which
animal waste is determined to be a critical pathway for viral transport.

The modification of human behavior is also imperative to minimize
the transmittance of viral disease along pathways in which interven-
tions cannot be performed for reasons of cost, capability, or con-
venience. The primary method of altering behavior is education. This
applies to the education of medical professionals, both doctors and
veterinarians, and environmental professionals in One-Health ap-
proaches. It is also critical to educate the public to prevent situations in
which people are leaving themselves vulnerable to transmission of
disease. Especially in impoverished, high-risk areas, robust measures
should be taken to educate the public on the concept of the critical
pathways of transmission of viral disease.

6. Conclusions

Viral transmission involves complex systems that include interac-
tions between humans, animals and the environment. Understanding
the interactions between the involved human, animal and environ-
mental systems, and the processes within each of the systems, is critical
for efficient prevention and minimization of viral outbreaks. These
systems vary in both spatial and temporal scales. For example, urban
systems are different than rural systems, and wet weather is different
than dry weather with regards to the potential for viral transmission.

The most important step in the process of understanding water-related
transmission is the identification of critical viral reservoirs and critical
transport pathways in a certain environment at a certain time. Much of
the One-Health based approaches to manage viral disease that have
been utilized thus far have been responsive in order to control existing
zoonotic outbreaks. This paper presents a three-step framework uti-
lizing the One-Health approach to mitigate viral disease. First, identi-
fication of critical pathways is proposed, to determine the most im-
portant water-related pathways with which viruses are transported and
transmitted throughout the environment. Next, surveillance systems are
designed to monitor these critical pathways to identify the times and
locations where viral outbreaks are occurring or likely to occur. Finally,
water-related and other intervention approaches are implemented to
mitigate the critical pathways and prevent the spread of viral disease.
Identification and surveillance of critical pathways of potential ex-
posure can allow early detection of outbreaks at a population level,
which is a critical first step for prevention. While it involves the in-
terconnectivity of human, animal, and environmental health, One-
Health has still only primarily been embraced by the veterinary com-
munity. More deliberate efforts should be made to encourage en-
vironmental professionals to analyze the issues of viral disease through
a One-Health lens. Only through the extensive participation of all re-
lated field stakeholders can One-Health truly reach its potential to
mitigate viral disease.
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