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ARTICLE INFO ABSTRACT

Keywords: Populations in Arctic Canada are strongly connected to, and draw sustenance from, the physical environment.
Was"e‘_"’atFr o Recreation and food harvesting locations, however, may be impacted by the basic wastewater treatment and
?S&I;n;;“ve Microbial Risk Assessment disposal processes used in the region. Within these mixed socio-ecological systems, people may unknowingly be

exposed to wastewater pathogens, either by direct contact or indirectly through activities resulting in exposure to
contaminated locally harvested food. The objectives of this research are to estimate microbial health risks
attributable to wastewater effluent exposure in Arctic Canada and evaluate potential mitigation options. A
participatory quantitative microbial risk assessment (QMRA) approach was used. Specifically, community
knowledge and information describing human activity patterns in wastewater-impacted environments was used
with microbial water quality data to model a range of exposure scenarios and risk mitigation options. In several
exposure scenario results, estimated individual annual risk of acute gastrointestinal illness exceeds a proposed
tolerable target of 1072, These scenarios include shore recreation and consumption of shellfish harvested near
primary mechanical treatment plants at low tide, as well as travel in wetland portions of passive treatment sites
during spring freshet. These results suggest that wastewater effluent exposures may be contributing to gastro-
intestinal illness in some Arctic communities. Mitigation strategies, including improved treatment and in-
terventions aimed at deterring access to disposal areas reduce risk estimates across scenarios to varying degrees.
Overall, well-designed passive systems appear to be the most effective wastewater treatment option for Arctic
Canada in terms of limiting and managing associated microbial health risks. This research demonstrates a novel
application of QMRA and provides science-based evidence to support public health, water, and sanitation de-
cisions and investment in Arctic regions.

Arctic, Waterborne disease
Indigenous health

1. Introduction

Across Arctic Canada, traditionally semi-nomadic Indigenous pop-
ulations balance food harvesting and recreational customs with the
requisite sanitation and disease prevention measures of life in perma-
nent settlements. Given the extreme temperatures and high infrastruc-
ture costs in the region, many conventional wastewater treatment
options are not feasible (Johnson et al., 2014). Most Arctic communities
utilize decentralized passive systems consisting of wastewater
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stabilization ponds (WSP) and adjoining wetlands, with a few operating
mechanical treatment facilities that discharge directly to marine or fresh
waters. A limitation of both types of systems, as they are currently
designed and operated, is their minimal pathogen removal capabilities
(Huang et al., 2018). Consequently, partially treated effluent containing
microbial pathogens of risk to human health is released into the
receiving environment (Huang et al., 2018; Krumhansl et al., 2015).
Many of these pathogens can lead to acute gastrointestinal illness (AGI),
including diarrhea and vomiting, as well as other diseases following
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exposure to even very low doses (Leclerc et al., 2002). Indigenous and
non-Indigenous residents of Arctic communities maintain strong ties to
their natural surroundings as a source of food, identity, and livelihood
(Bjerregaard et al., 2004; Cunsolo Willox et al. 2012). Given the prox-
imity of wastewater treatment sites to communities, effluent may be
released to areas used and valued by the local population inadvertently
causing adverse health impacts. For instance, people may unknowingly
be exposed to wastewater pathogens while fishing, hunting, harvesting
food or while engaged in other recreational and occupational activities
(Donaldson et al., 2010; Nilsson et al., 2013).

Estimates of AGI incidence in Arctic Canada range up to six times
greater than the national average (Harper et al., 2015a; Thomas et al.,
2013) and above rates in many less industrialized countries (Harper
et al., 2015a; Mathers et al., 2002; WHO 2006a). The specific role water
plays in AGI transmission is unclear. Numerous environmental and
behavioural risk factors have been explored (Harper et al., 2015a;
Masina et al., 2019; Mosites et al., 2018; Wright et al., 2018); however,
as of yet, there is limited evidence of any specific associations with AGI
(Goldfarb et al., 2013; Igbal et al., 2015). As research on AGI in the
Arctic continues (Hastings et al., 2014; Thivierge et al., 2016), the po-
tential link with wastewater contamination (Daley et al., 2015) remains
a concern among regional health authorities and communities, which
are often limited in terms of financial, technical, and infrastructural
resources (Hennessy and Bressler 2016; Pardhan-Ali et al., 2013).

The remoteness of the Arctic region often constrains extensive
epidemiological, microbiological, and field-based studies of environ-
mental health risks; thus, comprehensive datasets on local pollution
sources are limited. Furthermore, the potential for quantifying expo-
sures in this context are difficult as human behaviours leading to contact
with contaminants and risk of disease are also shaped by cultural, eco-
nomic, and social factors (Brown et al., 2011). Therefore, standard
literature-based values pertaining to exposure frequencies and magni-
tudes may not be directly generalizable to Indigenous populations
(Barber and Jackson 2015; Knibbs and Sly 2014) and Arctic commu-
nities (Suk et al., 2004).

Quantitative microbial risk assessment (QMRA) is an approach
employed to characterize health risks attributable to a microbial hazard.
The disease burden can be estimated based on stochastic models and the
concentration and distribution of indicator organisms when direct
measurements of pathogens at points of exposure are not available or
possible (WHO 2016). QMRA designs are flexible and have been adapted
for use in data-limited settings within less industrialized global regions
(Ferrer et al., 2012; Howard et al., 2006; Hunter et al., 2009). Addi-
tionally, this type of risk assessment has been previously applied in
situations where inadvertent exposure to wastewater effluent may have
occurred through food harvesting and recreation (Fuhrimann et al.,
2017; Fuhrimann et al., 2016; Henao-Herreno et al., 2017; Yapo et al.,
2014). Innovatively combining participatory research methods with
traditional risk assessment frameworks is also increasing as a means of
improving understanding of human interactions with contaminated
areas (Ramirez-Andreotta et al., 2014). Engaging with the communities
affected can lead to exposure models and risk management strategies
that are more reflective of the population’s social and cultural practices
(Nguyen-Viet et al., 2009).

The results of a QMRA can be compared to protective health-based
targets. Currently in Arctic Canada, pollutant-based effluent quality
standards are the predominant measure used to determine and manage
the risk posed to human health by wastewater discharges (CCME 2009).
Health-based targets offer a more directly comparable measure by
establishing a tolerable level of additional disease burden attributable to
a given exposure (Rose and Gerba 1991). Currently, however, no such
targets have been established for Arctic Canadian regions. For context,
the World Health Organization (WHO) tolerable risk level for water
related infectious disease for drinking water as well as wastewater use in
agriculture is 10™* (WHO 2006a; refer to Table 2 in Mara 2008 for
conversion between disability adjusted life years and tolerable risk).
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Governments can choose to adopt, or adapt-and-adopt, this guideline
based on the state of knowledge concerning waterborne disease in their
jurisdiction as well as social and economic conditions. Dependent on the
local situation, a less stringent tolerable risk of illness target of 10> or
10~2 may be more appropriate in combination with regular monitoring
and incremental improvement efforts (Mara 2008; WHO 2006a). QMRA
can also be used to evaluate the potential impact of such efforts on risk
reduction (WHO 2016). Types of mitigation include engineering con-
trols and designs to improve treated water quality (Machdar et al., 2013;
Weir et al., 2011) or behavioural interventions intended to limit human
contact to contaminated environments (Katukiza et al., 2014; Labite
et al., 2010).

Using a QMRA approach, the objectives of this research were to: 1)
characterize the exposure pathways and risk of illness (AGI, specifically)
associated with wastewater effluent in Arctic Canada and; 2) to identify
and evaluate interventions that may be effective in reducing health risk.
The guiding purposes of the research were to provide findings that serve
as an initial evidence base on this issue and to offer an adaptable model
that can be used further as a decision-making tool by stakeholders in the
region.

2. Materials and methods
2.1. Research approach

This research was guided by an ecosystems approach to health
(ecohealth). Ecohealth research attempts to address complex issues
occurring at the intersection of environment, society, and human health,
emphasizing core principles such as systems thinking, stakeholder
participation, and knowledge-to-action (Charron 2012; Forget and Lebel
2001).

This research was based in the Territory of Nunavut, a region of Inuit
Nunangat (the Inuit home land, water, and ice of Canada) and builds on
an existing wastewater research relationship between the academic-
based authors and the Government of Nunavut. In accordance with
Inuit research priorities (ITK 2018; Tri-Council 2018), territorial gov-
ernment organizations and community-level stakeholders were engaged
and included throughout the research process, with an end goal of
producing results that translate into practical health improvements.

The research design was a form of participatory risk assessment,
wherein a QMRA model was applied in an Arctic community setting. The
conventional assessment framework and data sourcing methods were
tailored to include local perspectives and experiences in effort to link
Inuit knowledge (Inuit Qaujimajatuqangit) and scientific understanding
of water, sanitation, and human health.

2.2. Model overview

The model builds upon a conceptual framework (Daley et al., 2018a)
and an initial screening-level, point-estimate assessment of risk in case
study sites (Daley et al., 2019). Specifically, an inferential QMRA model
- rather than community-specific — was designed to reflect hypothetical
Arctic wastewater treatment systems, receiving environment conditions,
and exposure pathways. Exposure scenarios were parameterized with
probability distributions whenever possible. In instances where there
was insufficient data to generate a distribution, point estimates were
used. The input parameter values used in the model were sourced from
water quality data, community knowledge, and peer-reviewed litera-
ture. The results represent probability distributions of annual AGI risk to
individuals who partake in each activity. Base cases, which simulate
current conditions, were assessed first. Risk mitigating interventions
were then formulated and evaluated. In the absence of an established
health-based target for wastewater discharges in Arctic Canadian com-
munities, results are benchmarked against a tolerable waterborne risk
level derived from WHO guidelines for safe wastewater management
(Mara et al. 2008; WHO 2006a). The inputs and equations involved in
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each of the four stages of QMRA (hazard identification, exposure
assessment, dose-response, and risk characterization) are described in
the following subsections.

2.3. Hagzard identification

The hazard source is partially-treated domestic wastewater effluent.
The passive treatment systems in use in Arctic Canada vary greatly from
site to site in terms of initial design, current condition, and operational
management (Ragush et al.,, 2015; Schmidt et al., 2016). Subject to
natural conditions, the effluent largely remains frozen within a WSP
during the subzero (°C) period of the year, which is from approximately
October to May in most of the region. During the warmer months
effluent either continuously seeps from the WSP into a wetland, or
alternatively if the holding cell is structurally sound, is detained within
the WSP until being manually decanted using a pump. Upon release, the
effluent flows through the wetland and into a receiving water body. In
arctic conditions, these passive systems have typically been shown to
provide a primary level of treatment (Balch et al., 2018; Hayward et al.,
2014; Yates et al., 2012) and do not reliably remove human pathogens
(Huang et al., 2018).

A few Arctic communities use mechanical wastewater treatment
processes such as filters or aerobic treatment units. The systems are
capable of providing secondary treatment under optimal conditions,
though most achieve only preliminary or primary levels of treatment
(Johnson et al., 2014). These systems continuously discharge effluent
directly from an enclosed facility into receiving water environments.
Mechanical treatment systems are less subjective to natural environ-
mental processes than passive systems (Bitton 2005); however, the
application of mechanical wastewater treatment in the Arctic has proven
challenging in other regards. Mechanical systems require significantly
more financial investment, energy, daily operation, maintenance, and
technical expertise. These factors in combination with the extreme
temperatures and remoteness of the region have resulted in extended
periods of compromised treatment in some communities (Johnson et al.,
2014). None of the current mechanical wastewater treatment systems
being used in Arctic Canada have a disinfection process.

Six pathogenic agents that are routinely present in nondisinfected
effluent and transmissible via incidental ingestion of contaminated
water or food were included in the assessment. These included three
bacteria (pathogenic Escherichia coli, Salmonella spp., and Campylobacter
spp.), one virus (rotavirus), and two protozoa (Giardia spp. and Cryp-
tosporidium spp.). The selections were based on microorganisms detected
in Arctic wastewater treatment systems by Huang et al. (2018), as well
as a review of important pathogenic infections in the region. Huang
et al. (2018) demonstrated that pathogenic E. coli and Salmonella spp.
were present in treated wastewater discharged into the receiving envi-
ronment. These authors did not detect Campylobacter spp. within either
of the two sites they studied. Nevertheless, Campylobacter spp., along
with Salmonella spp. and Giardia spp., was included in the QMRA due to
their significance as sources of AGI in the region (Pardhan-Ali et al.,
2012b; Goldfarb et al., 2013). Manore et al. (2020) also detected accu-
mulated Giardia in some samples of shellfish tissue in Iqaluit, Nunavut.
Cryptosporidium spp. was also included based on a recent emergence of
infections (Thivierge et al., 2016). Finally, rotavirus was included in the
model based on its global significance as a pathogen affecting children
and as a reported source of AGI in Arctic Canada (Desai et al., 2017;
Gurwith et al., 1983). Worth noting, norovirus was also considered for
inclusion given that it is similarly a leading viral cause of AGI worldwide
(Ahmed et al., 2014). In comparison to rotavirus, however, limited ev-
idence of norovirus relating to AGI in Arctic Canada could be located.
For simplification purposes within the assessment, the pathogenic
strains of each agent that are associated with AGI are implied.
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2.4. Exposure assessment

The concentrations of specific pathogenic agents within effluent-
impacted environment at points of human exposure were estimated
using an indirect method. The process is described in the subsequent
paragraphs and a list of the corresponding QMRA model distributions,
parameters, and references is presented in Table 1. (Additional detail is
provided in the Supplementary Materials.)

To begin, a dataset of indicator E. coli concentrations (a common
fecal indicator organism) in raw influent, treated effluent, and water
from the immediate receiving environments in five Arctic sites was
sourced. Additional details on the data that was used, and the associated
references, are provided in Table 1 of the Supplementary Material. In
brief, the dataset includes two sites operating mechanical systems
(Iqaluit and Pangnirtung, Nunavut), and three using passive systems
(Naujaat, Pond Inlet, and Sanikiluaq, Nunavut). In sites operating me-
chanical systems, where effluent is continuously discharged directly to
marine waters, sampling took place during both high and low tide cycles
to account for the noted impact of water exchange on contaminant
concentration in tidal receiving environments (Gunnarsdottir et al.,
2013). At sites where effluent was discharged from a stabilization pond
to a wetland, sampling was scheduled during spring freshet (i.e. spring
thaw) in June and late summer in September to capture the high vari-
ability that occurs over the span of the passive treatment season (Hay-
ward et al., 2014; Yates et al., 2012).

Indicator E. coli analysis was conducted on the samples either using
the Colilert-18 method and Quanti-Tray/2000 system in accordance
with manufacturer’s instructions (IDEXX Laboratories Inc. 2013) or via
standard methods at the Maxxam Analytics commercial laboratory in
Montréal, Quebec (APHA 2012). Concentration results were in the form
of the most probable number of E. coli in 100 mL (MPN/100 mL). For full
descriptions of the sampling and analysis methods, refer to Greenwood
(2016), Hayward et al. (2018), and Neudorf et al. (2017). Field data
were supplemented with literature values (Westrell et al. 2004). Using
this information base, probability distributions were fitted to parameter
ranges to characterize the indicator E. coli concentrations at initial
release (Cp). Additionally, input from municipal employees and review
of operational records was used to explain periods of high concentra-
tions and estimate the frequency and duration of reduced or failed
treatment periods (City of Iqaluit 2015; Johnson et al., 2014).

Most human exposures to wastewater effluent are likely to occur at
locations beyond the initial release points and immediate mixing zones
where sampling occurred, as these areas are commonly recognized
among community members as being heavily contaminated (Daley
et al., 2015). Therefore, indicator E. coli concentrations beyond that
range, at distances where exposures are more likely to occur, were
estimated using a first-order kinetic model. This model is widely applied
to characterize microbial inactivation or decay within environmental
media (Haas et al., 2014; Stetler et al., 1992). The natural logarithms of

Table 1

Quantitative microbial risk assessment model parameters, distributions, and
assumptions used to estimate pathogen concentrations in wastewater effluent-
impacted environments in Arctic Canada.

Description Units Distribution and values

Concentration of indicator E. coli at effluent release (Cp)*

Mechanical MPN/100 mL Pareto (1 x 10% 0.48)"

Passive MPN/100 mL Uniform (1 x 10% 1 x 106)"
Reduction rate coefficient (k)"

Mechanical: low tide 1/m Point estimate (—0.0048)

Mechanical: high tide 1/m Point estimate (—0.0357)

Passive: spring 1/m Point estimate (—0.0090)

Passive: summer 1/m Point estimate (—0.0198)

# Refer to Supplementary Materials for more information.
b pareto distribution (location; shape).
¢ Uniform distribution (minimum; maximum).
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the observed E. coli concentrations in the dataset were first plotted and
linearly regressed against distance from the effluent release points for
each of the five sites under varying tidal or seasonal conditions. Next,
first-order concentration reduction constants (k, m’l) were derived from
each slope line. From among the calculated reduction constants, the
modelling coefficients that were most representative of typical systems
and conditions found across the Arctic were chosen. The coefficients
were then used as reduction rate constants (k) in a first-order model (Eq.
(1)) to predict E. coli concentrations (Cgs) as a function of initial con-
centration at effluent release points (Cp) and distance (dist), under
similar base case conditions.

Cuisy = Co * e (@]

All behavioural elements of the exposure scenarios included in the
QMRA model were grounded in community-based information. Local-
ized knowledge and descriptions of human-environment interactions
formed the primary data source. These data were supplemented with

Table 2
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literature based exposure values. Corrective factors were assumed in
some instances to adapt standard exposure magnitude and frequency
values to the local context and population, as has been practiced in other
QMRA models (Barker et al., 2014; Fuhrimann et al., 2016). The local
data were collected using participatory epidemiology techniques
(Barber and Jackson, 2015; Leung et al., 2004; O’Fallon and Dearry
2002) in the five aforementioned Nunavut communities. Between 2013
and 2016, a total of 42 interviews were held with key informants, which
included wastewater operators, public health staff, wildlife conservation
officers, and subsistence hunters, fishers, and harvesters. The interviews
included site-mapping exercises and questionnaires designed to gather
information regarding activity patterns, food harvest amounts, and
awareness of potential hazards in and near wastewater treatment areas.
Community forums were also held, during which approximately 100
additional members of the public provided feedback and validation of
preliminary exposure scenarios. Site assessments of the treatment and
potential exposure areas, led by engineers and local partners, were also

Quantitative microbial risk assessment model parameters, distributions, and assumptions used to develop exposure scenarios in wastewater effluent-impacted en-

vironments in Arctic Canada.

Distribution and values

References

Treatment Exposure pathway and Conditions Units
system parameters
Mechanical Shoreline recreation
Distance (dist) Low tide / high tidle = m
Frequency (freq) Low tide / high tide =~ m
Ingestion volume (V) Low tide / high tide =~ mL
Mechanical Small craft boating
Distance (dist) Low tide m
Distance (dist) High tide m
Frequency (freq) Low tide / high tide m
Ingestion volume (V) Low tide / high tidle ~ mL
Mechanical Netfishing
Distance (dist) Low tide m
Distance (dist) High tide m
Frequency (freq) Low tide / high tide ~ m
Ingestion volume (V) Low tide mL
Mechanical Shellfish harvesting
Distance (dist) Low tide m
Frequency (freq) Low tide m
Ingestion volume (V) Low tide mL
Mechanical Shellfish consumption
Distance (dist) Low tide m
Frequency (freq) Low tide m
Ingestion volume (V) Low tide g
Accumulation factor Low tide -
Cooking reduction Low tide -
factor
Passive Shoreline recreation
Distance (dist) Spring / summer m
Frequency (freq) Spring m
Frequency (freq) Summer m
Ingestion volume (v) Spring / summer mL
Passive Small craft boating
Distance (dist) Spring / summer m
Frequency (freq) Spring m
Frequency (freq) Summer m
Ingestion volume (V) Spring / summer mL
Passive Netfishing
Distance (dist) Spring / summer m
Frequency (freq) Spring m
Frequency (freq) Summer m
Ingestion volume (V) Spring / summer mL
Passive Wetland travel
Distance (dist) Spring / summer m
Frequency (freq) Spring m
Frequency (freq) Summer m
Ingestion volume (V) Spring /summer mL

Uniform (1000; 1500)”
Point estimate (105)
Triangular (3.8; 7.6; 22.8)"

Uniform (2000; 3500)"
Uniform (1000; 1500)"
Point estimate (105)
Triangular (5.8; 11.6; 34.8)"

Uniform (2000; 3500)"
Uniform (1500; 2500)"
Point estimate (85)
Triangular (3.8; 7.6; 58.0)"

Uniform (1000; 2500)"
Point estimate (40)
Triangular (10.0; 35.0;
50.0)°

Uniform (1000; 2500)"
Point estimate (40)
Triangular (15.0; 60.0;
75.0)°

Point estimate (10)
Point estimate (0.5)

Uniform (1500; 2000)"
Point estimate (25)

Point estimate (40)
Triangular (3.8; 7.6; 22.8)"

Uniform (1500; 2000)"
Point estimate (25)

Point estimate (40)
Triangular (3.8; 11.6; 34.8)"

Uniform (1500; 2000)"
Point estimate (35)

Point estimate (50)
Triangular (5.8, 11.6, 58.0)"

Uniform (250; 1000)"
Point estimate (35)
Point estimate (45)
Triangular (10; 35; 50)°

Supplementary Materials
Supplementary Materials

Dorevitch et al., 2011; McBride et al., 2013

Supplementary Materials
Supplementary Materials
Supplementary Materials

Dorevitch et al., 2011; McBride et al., 2013

Supplementary Materials
Supplementary Materials
Supplementary Materials

Dorevitch et al., 2011; McBride et al., 2013

Supplementary Materials
Supplementary Materials

Fuhrimann et al., 2017, Fuhrimann et al., 2016; WHO

2006b

Supplementary Materials
Supplementary Materials

Health Canada 2007; Moya 2004

CEFAS 2014
Supplementary Materials

Supplementary Materials
Supplementary Materials
Supplementary Materials

Dorevitch et al., 2011; McBride et al., 2013

Supplementary Materials
Supplementary Materials
Supplementary Materials

Dorevitch et al., 2011; McBride et al., 2013

Supplementary Materials
Supplementary Materials
Supplementary Materials

Dorevitch et al., 2011; McBride et al., 2013

Supplementary Materials
Supplementary Materials
Supplementary Materials

Fuhrimann et al., 2017; Fuhrimann et al., 2016; WHO

2006b

2 Uniform distribution (minimum; maximum).
b Triangular distribution (minimum; most likely; maximum).
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carried out in each community. It was assumed that a suite of exposures
based on conditions in these five communities, which span a range of
treatment systems, population sizes, and receiving environments, pro-
vides a reasonably representative range of base case model scenarios for
Arctic Canada.

Six activities were included as exposure pathways in the base case
model: shoreline recreation; small craft boating; netfishing; shellfish
harvesting; shellfish consumption; and wetland travel. Each pathway is
described in the following paragraphs and a summary of all the corre-
sponding distributions, parameters, and literature references is provided
in Table 2. Input variables include distance (dist), which is the location
where the exposure event occurs as measured in metres from the effluent
release point, and exposure frequency (freq), the number of exposure
events per person per year. Values for both variables were estimated
based on localized data (see Supplementary Materials for more infor-
mation). Ingestion volumes (V), the amount of media ingested per per-
son per exposure event, are literature based assumptions. The
transmission route in five of the six exposures is incidental ingestion of
contaminated water (i.e. droplets or hand-to-mouth contact). The
exception is the shellfish consumption scenario wherein the route is
ingestion of contaminated tissue. The parameters of incedental water
ingestion volume for shoreline recreation, small craft boating, and
netfishing are based on water recreation exposure values (Dorevitch
et al., 2011; McBride et al., 2013). Dorevitch et al. (2011) group activ-
ities as either low, mid, or high contact exposures with average ingestion
rates per hour of 3.8, 5.8, and 10.0 mL, respectively, and advise using
three times the average hourly rate as a conservative maximum esti-
mate. Values associated with wetland travel and shellfish harvesting
exposures were sourced from assessments of agricultural and aquacul-
tural labor in wastewater-irrigated settings that estimated an incidental
water ingestion maximum of 50.0 mL per day (Fuhrimann et al., 2017;
Fuhrimann et al., 2016; WHO 2006b). Triangular distributions (mini-
mum; most likely; maximum) were assumed and fitted to this maximum
value. In absence of reliable estimates of shellfish harvest yields in Arctic
Canada (Priest and Usher 2004), the shellfish consumption value per
exposure event was established upon a standard seafood portion for
North American Indigenous populations (Health Canada 2007; Moya
2004). Separate exposure scenarios were constructed for each set of
physical environment conditions (low tide / high tide or spring / sum-
mer, as applicable) as human activity parameters varied in some in-
stances. The model assumed no human exposures of any kind during the
non-open water months (approximately October through May).

Shoreline recreation: Shorelines are hubs of recreational and work-
related activity in Arctic communities. Serving multiple purposes,
shorelines provide access points to fresh and marine waters as well as
storage space for boats and equipment. They also function as walking
paths, children’s play areas, and rod fishing locations. Shallow wading
and splashing as well as handling of wet fish and equipment are ex-
pected; however, swimming or full submersion is infrequent. Therefore,
a low-contact exposure rate (Dorevitch et al., 2011; McBride et al.,
2013) was applied and a two-hour event duration.

Small craft boating: Small water craft are widely used across Arctic
Canada for recreation, transportation, work, and food harvesting in
aquatic environments. Small open-top crafts with outboard motors are
most common in addition to larger motorized boats as well as canoes
and kayaks. While boating, incidental ingestion of water could occur via
launching from shore, fishing, spray, or splash from motors or paddles,
or a fall into the water. A mid-contact exposure rate classification
(Dorevitch et al., 2011; McBride et al., 2013) and two-hour event
duration were designated.

Netfishing: Netfishing involves the setting and retrieving of large
weighted nets, ropes, and buoys, typically by hand, from aboard a boat.
Incidental water ingestion is plausible during all stages of the process.
Similar to small craft boating, this scenario was also valued as a mid-
contact exposure (Dorevitch et al., 2011; McBride et al., 2013). A
corrective factor of five times the average, rather than three, was applied
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as a maximum parameter however, due to the intensified actions and
submerged equipment. Non-commercial netfishing, hence no use of
specialized clothing or decontamination measures, was assumed. The
assumed event duration was two hours.

Wetland travel: The wetland travel exposure pathway is only appli-
cable in locations operating passive wastewater treatment systems.
While it is commonly known within communities that the WSP is a
hazardous area to be avoided, the potential health risk posed in the
adjoining, effluent-impacted wetland is less apparent. Fencing and
signage are often erected around the perimeter of the stabilization pond
but they usually do not extend to the wetland portions of the treatment
areas. People may enter these areas while hunting small game, picking
berries, collecting geese eggs, or on route elsewhere. Means of travel
include walking, all-terrain vehicle, or snowmobile during the spring
when snow is still present within the wetland. Incidental water ingestion
could occur following contact with soil, vegetation, clothing, or equip-
ment that has been contaminated with effluent. Additionally, all-terrain
vehicles and snowmobiles will, as they traverse the wetland, spray soil
particles and create droplets of water, which may be inadvertently
ingested by the vehicle riders.

Shellfish harvesting: The shellfish harvesting exposure scenario was
only included in the mechanical QMRA assessment, and only during low
tide conditions. This modeling decision was based on local descriptions
of the locations where this activity is commonly practiced. Shellfish,
predominantly clams, are harvested by digging them from the exposed
sea bed in coastal areas during low tide, either by hand or with a shovel.
Fecal coliforms can become concentrated within the bottom sediment of
the sea bed in effluent-impacted waters (Ford 2005; Heaney et al.,
2012). Exposure may occur following the handling of shellfish and
contact with contaminated water, soil, or tools.

Shellfish consumption: Shellfish consumption, also only applicable in
mechanical system sites and during low tide, was assessed indepen-
dently of harvesting. Shellfish filter large quantities of seawater and
pathogens can become concentrated within their digestive tissue (Bitton
2005). Infective agents are then communicable to humans via ingestion
(Ford 2005). To account for the accumulation of pathogens within the
raw tissue, a factor of 10 times the E. coli concentration in the water at
the harvest location was assumed based on a critical review of published
data (CEFAS 2014). Most infectious pathogens can be killed or inacti-
vated through cooking; however, shellfish is commonly consumed raw
or partially cooked (Butt et al., 2004). Community data did in fact reveal
a predilection for raw or lightly cooked shellfish among some residents
in the region. To reflect this local practice, a reduction factor of 0.5 was
then assumed and applied to the E. coli concentration within the tissue.

2.5. Dose response

The dose-response stage of a QMRA describes the relationship be-
tween levels of exposure a person experiences and the probability of a
health outcome. The health outcome modelled in this research was AGI.
The steps and equations involved are described in the ensuing para-
graphs and the corresponding parameters, distributions, and assump-
tions are listed in Table 3.

The dose of E. coli (dg, o) a person ingests at exposure (MPN) was
calculated by multiplying, Cg;s;, the concentration of indicator E. coli in
the environmental media at the exposure distance (MPN/mL) by the
volume (V) of water or tissue (mL or g) accidently ingested per event
(Eq. (2).

dg. coi = Caisi'V (2)

Indicator E. coli was the only obtainable organism data. It was
assumed that the reduction in E. coli, obtained using the first-order
model (Eq. (1)), can be used to conservatively predict the inactivation,
dilution, or sedimentation of specific enteric pathogens within the
effluent-receiving environment (Nevers and Boehm 2011; Schoen and
Ashbolt 2010). Based on WHO (2016) guidance documents and
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Table 3

Dose-response model parameters, distributions, and assumptions used in quan-
titative microbial risk assessment of acute gastrointestinal illness associated with
wastewater effluent-impacted environments in Arctic Canada.

Description Distribution and values ~ References

Ratio of pathogenic
organism per
indicator E. coli (E.
coli: Path)

Pathogenic E. coli Point estimate (0.08) Haas et al. (1999); Howard

et al. (2006)

Triangular (1 x 10’4; Craig et al. (2003)

1x1073%1 x 107%)°

Salmonella spp.

Campylobacter spp. PERT (1 x 107%; Fuhrimann et al. (2017);
55x107%1 x 107°)"  Mara et al. (2007); WHO
(2006b)
Rotavirus PERT (1 x 107%; Fuhrimann et al. (2017);
55x107%1 x 107°)"  Mara et al. (2007)
Giardia spp. Uniform (1 x 1077; Machdar et al. (2013)"
1% 107%)°
Cryptosporidium PERT (1 x 1077; Fuhrimann et al. (2017);
Spp. 55x 10771 x107%¢  Mara et al. (2007); WHO
(2006b)
Dose-response models
[P(d)]
Pathogenic E. coli Beta-Poisson (0.16; CAMRA (2015); Dupont et al.
(EIEC) 2.11 x 10°)° (1971)

Salmonella spp. Beta-Poisson (0.389;

1.68 x 10%)¢

CAMRA (2015); McCullough
and Eisele (1951)

Campylobacter spp. Beta-Poisson (0.14; Black et al. (1988); CAMRA
890.38)" (2015)

Rotavirus Beta-Poisson (0.253; CAMRA (2015); Ward (1986)
6.17)"

Giardia spp. Exponential (0.020)° CAMRA (2015); Rendtorff

(1954)
Cryptosporidium Exponential (0.057)° CAMRA (2015); Messner
spp. et al. (2001)
Morbidity ratios (Py |
inf)

Pathogenic E. coli 0.35 Fuhrimann et al. (2017);
Machdar et al. (2013);
Westrell (2004)

Westrell (2004); WHO
(2006b)

Fuhrimann et al. (2017);
Machdar et al. (2013);
Westrell (2004)

Salmonella spp. 0.80

Campylobacter spp. 0.30

Rotavirus 0.50 Barker et al. (2014); Westrell
(2004); WHO (2006b)

Giardia spp. 0.90 Schoen and Ashbolt (2010)

Cryptosporidium 0.79 Fuhrimann et al. (2017)

spp.

 Triangular distribution (minimum, most likely; maximum).

b Project evaluation and review techniques distribution (PERT) (minimum;
most likely; maximum).

¢ Uniform distribution (minimum; maximum).

d Beta-Poisson distribution (a; Nsp).

¢ Exponential distribution (r).

f General protozoa ratio. Machdar et al. (2013) provide values only, so uni-
form distribution is assumed.

microbial risk assessment approaches used in other data-limited con-
texts (Howard et al., 2006; Fuhrimann et al., 2016), ratios were then
used to infer the level of relationship between concentrations of indi-
cator E. coli and each pathogen included in the model. The ratios were
sourced from wastewater literature when possible. When ratios derived
from wastewater were not available, it was necessary to source ratios
from recreational and drinking water literature. Specifically,
wastewater-derived ratios were used for Campylobacter, rotavirus, and
Cryptosporidium (Mara et al., 2007; Fuhrimann et al., 2016; 2017; WHO
2006b), drinking water ratios for pathogenic E. coli and Giardia (Haas
et al. 1999; Howard et al., 2006; Machdar et al., 2013), and a recrea-
tional water ratio for Salmonella (Craig et al., 2003). The
pathogen-specific doses, dyqn (MPN) are then obtained by multiplying
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dg. ¢ by corresponding inference ratios, (E. coli: Path) (Eq. (3)).
dparh =dg. wli'(E~ coli : Pdlh) 3

The probability of infection [P(d)] at a single dose (d) for each
pathogen was estimated using either the exponential (Eq. (4)) or beta-
Poisson model (Eq. (5)), which are established as applicable to most
microorganisms and exposures (Haas et al., 2014). With the exponential
function (Eq. (4)), the natural logarithm base (e) and the probability that
one organism survives to cause an infection within the human host (r)
are pathogen-specific constants. The beta-Poisson model (Eq. (5)) is a
two-parameter function with slope parameter o« and median infectious
dose Nsp.

Pd)=1—e" 4

P =11+ ()@=~ )] ®)
50
Morbidity ratios (Py | inf) sourced from literature were then applied
to these probabilities to estimate the number of infections that resulted
in symptomatic cases, which represents the probability of illness
following a single exposure event (Pyparm) (Eq. (6)).

Py, pan = P(d)- Piy | ins (6)

2.6. Risk characterization

Monte Carlo simulations were used in the risk characterization stage
of the QMRA. Samples from the pre-specified data distributions were
repeatedly drawn (10 000 iterations) to model the probability of the
health outcome (Haas et al., 2014). The probability of illness from a
single exposure event (Pypqh), as calculated with Eq. (6), was combined
with the frequency of exposure events per person per year (freq) to arrive
at the individual annual probability of AGI (Pj, annual) associated with
each exposure scenario (Eq. (7)).

P, annuar =1 — (1 — Pu, path)ﬁa[ )]

The risk results only apply to individuals in the specified exposure
group (e.g. shellfishers harvesting near the mechanical treatment plant
during low tide), and not an entire community population. It is assumed
that individuals can simultaneously belong to more than one exposure
group (e.g. an individual may be a shellfisher and a netfisher). The
model was developed using Crystal Ball software (Oracle 2017).

Sensitivity analysis was conducted to prioritize potential control
points in the system where risk reducing mitigations may be effective.
Specifically, rank order correlation was used to evaluate the impact of
the variability and uncertainty within the model inputs on the base case
risk results. Rank order correlation is a nonparametric approach, which
is based on less stringent distributional assumptions and provides rela-
tively conservative estimates. This feature is beneficial in risk assess-
ment research when the actual distributions of input variables are
typically unknown (Vose 2008). Based on this analysis, potential miti-
gations were configured and assessed.

3. Results and discussion
3.1. Base case scenarios

Given that this study represents the first assessment in this context,
the 75th percentile risk levels were conservatively chosen as the result
values to be compared to the proposed tolerable risk benchmark of 1073,
Figs. 1, 2, and 3 present box-and-whisker plots of the three exposure
scenarios with the highest individual annual risk estimates. Of the three
scenarios, two are activities associated with the mechanical treatment
and low tide conditions: shore recreation and shellfish consumption. The
third scenario, wetland travel during spring freshet, is from the passive
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Fig. 1. Box-and-whisker graph of individual annual probabilities of acute gastrointestinal illness caused by enteric pathogens associated with ‘mechanical, shore
recreation, low tide” wastewater effluent exposure scenario in Arctic Canada under baseline conditions. The probabilities were estimated using a quantitative mi-
crobial risk assessment. Boxes represent 25th and 75th percentiles, solid lines within boxes are medians, and whiskers are 10th and 90th percentiles. Large dashed

line denotes a potential tolerable risk guideline (10~3).

treatment model. Of the six pathogens modelled, rotavirus and Salmo-
nella spp. were projected to pose the highest risk, followed by pathogenic
E. coli, Giardia spp., Campylobacter spp., and Cryptosporidium spp. In each
of the three presented exposures scenarios, the 75th percentile risk level
for at least two pathogens exceeded the benchmark. Although not
included in the figure, it should also be noted that the 75th percentile
risk level for rotavirus, singly, was near 10~2 in the mechanical-shellfish
harvest-low tide and passive-wetland travel-summer scenarios. Most of
the annual risk probabilities were log-normally distributed. Exceptions
were some pathogens in very low risk scenarios (< 107'2). These lower
probabilities followed Weibull or Gamma distributions, which are
similar to log-normal (Vose 2008).

Of the remaining passive system scenarios, the majority of annual
risk estimates were much lower than the wetland travel-spring exposure,
with 75th percentiles < 10~°. Engineering assessments of arctic wetland
treatment systems have also emphasized the spring freshet as a period of
higher risk if the adjoining WSP is undersized or has a breached berm
(Hayward et al., 2018). Under such circumstances, wastewater that has
been accumulating and remained frozen within the WSP throughout the
winter thaws quickly and is discharged into the wetland at a high rate
(Hayward et al., 2014; Yates et al., 2012). The consequence is an influx
of untreated contaminants in the wetland treatment area and receiving
water body (Huang et al., 2018). Community input shows that spring is
also a potential time for increased human activity within treatment
wetlands. As sea and lake ice begin to thin and melt, people travelling by
all-terrain vehicles begin to alter their inland routes toward these areas,
consequently increasing exposure frequencies.

The mechanical treatment estimates exhibited a pronounced differ-
ence in risk between low and high tidal conditions. All exposures
modelled during high tide produced 75th percentile risk estimates less

than or equal to 1076, Aside from the highest risk pathways noted
above, the remaining low tide exposures, small craft boating and netf-
ishing, had 75th percentile risk levels between 107> and 10~”. Despite
the marked difference in risk estimates between tidal conditions, it is
unlikely that an operational change whereby effluent is only released
from the plant during high tide would be possible. The current me-
chanical systems operating in Arctic Canada are not designed with the
holding capacity to detain large volumes of wastewater, as would be
necessary between tidal cycles. One such system, in Iqaluit, is semi-
centralized so raw influent is continuously being piped into the plant;
therefore, it must be processed and discharged in a timely manner. The
community of Pangnirtung has a decentralized system with all homes
and buildings serviced by wastewater pump trucks, which then
discharge to the treatment plant. The restrictions that would be neces-
sary to align pump truck service with tidal schedules would be severely
disruptive to community life. Such practices may simply create addi-
tional sanitation issues at the household level through backups and
overflows as home wastewater holding tanks require emptying via pump
truck multiple times per week (Daley et al., 2014). Previous engineering
and ecological assessments have suggested that continuously discharg-
ing mechanical treatment systems are not well-suited for Arctic condi-
tions. Specifically, Greenwood (2016) and Krumhansl et al. (2015)
demonstrated that the continuous discharge of nondisinfected effluent
can have a negative environmental impact on the receiving water
habitat over 500 m from the effluent source. These QMRA results show
that such wastewater management practices also have potential to
elevate human health risks in the region. Risks are more pronounced
when effluent is discharged during low tide conditions; a period when
the sea bed is exposed and minimal dilution occurs (Gunnarsdottir et al.,
2013).
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Fig. 2. Box-and-whisker graph of individual annual probabilities of acute gastrointestinal illness caused by enteric pathogens associated with ‘mechanical, shellfish
consumption, low tide’ wastewater effluent exposure scenario in Arctic Canada under baseline conditions. The probabilities were estimated using a quantitative
microbial risk assessment. Boxes represent 25th and 75th percentiles, solid lines within boxes are medians, and whiskers are 10th and 90th percentiles. Large dashed

line denotes a potential tolerable risk guideline (1073).

In Arctic Canada, territorial health departments are authorized to
inspect and respond to wastewater-related issues (Government of
Nunavut 1990), although there are no specific health-based targets
applied to wastewater discharges. Also, the Canadian Shellfish Sanita-
tion Program - an intended nationwide food safety program — has never
been established in northern Canada (Canadian Food Inspection Agency
2019). In the absence of documented health-based targets for the region,
the WHO safe wastewater reuse adapt-and-adopt value of 10~ annual
risk of illness, one order of magnitude higher than the WHO standard
global guideline, was selected as a comparative benchmark for these
QMRA results. This choice was based on limited epidemiological data on
waterborne and shellfish-related illness in the Arctic as well as the na-
ture of the exposure pathways. Most established waterborne illness
guidelines are drawn from recreational water settings or wastewater
reuse for agriculture and aquaculture. Recreational water criteria sug-
gest a tolerable per event risk of gastrointestinal illness of approximately
3.0 x 1072 for exposures such as swimming at a beach (USEPA 2012b).
In agriculture and aquaculture settings where wastewater is intention-
ally used for irrigation purposes, an annual tolerable risk of illness of
either 107* or 1072 is applied for both fieldworkers and consumers
(Mara 2008; WHO 2006a). The exposure pathways in the
wastewater-impacted environment in Arctic Canada, however, differ
from those in the reviewed guidelines. Some, such as shore recreation
and small craft boating, classify as recreational but others are unique to
this setting. Foraging activities such as netfishing and shellfish har-
vesting compare somewhat to agriculture and aquaculture, but with the
distinction that the food being harvested is wild and not farmed. This
distinction is important given the central role of subsistence activities in
Indigenous communities (Suk et al., 2004), view of the immediate
environment as a vital source of nourishment (Cunsolo Willox et al.
2012), and risk of contaminant bioaccumulation in the diets of Arctic

Indigenous populations (Donaldson et al., 2010). While 103 was chosen
as a benchmark for this analysis, policy makers may want to consider the
use of multiple guidelines to account for the various types of exposure
pathways.

3.2. Sensitivity analysis and risk mitigation options

The results of the sensitivity analysis conducted on the three base
case exposure scenarios that exceeded the risk benchmark are presented
in Table 4. Distance from the effluent release to exposure location (dist)
was identified as the parameter with the highest mean correlation co-
efficient across the three scenarios (—0.71), followed by concentration
of indicator E. coli at effluent release (C,) (0.53). The ratio of pathogenic
organism per indicator E. coli (E. coli: Path) and ingestion volume (V)
correlation coefficients values were lower with means of 0.22 and 0.16,
respectively.

The sensitivity analysis was used to identify leverage points where
risk reducing mitigations may be most effective. Two specific mitiga-
tions were theorized and modelled: one targeted at decreasing the
concentration of indicator E. coli within effluent at initial release points
(Cp) and the second at increasing the distance between effluent release
points and locations of human activity where exposure is likely to occur
(dist). The mitigation designs, including the corresponding model
parameter adjustments are described in the following paragraphs.
Figs. 4, 5, and 6 present the impact of the mitigations on estimated in-
dividual annual risk for the three exposure scenarios that exceeded the
benchmark, per pathogen, as compared to base case results.

Mitigation 1-Improved treatment

Mitigation 1 is an engineering control aimed at improving waste-
water treatment and thus reducing the initial concentration of pathogen
in the effluent being discharged into the receiving environment. For
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Fig. 3. Box-and-whisker graph of individual annual probabilities of acute gastrointestinal illness caused by enteric pathogens associated with ‘passive, wetland
travel, spring’ wastewater effluent exposure scenario in Arctic Canada under baseline conditions. The probabilities were estimated using a quantitative microbial risk
assessment. Boxes represent 25th and 75th percentiles, solid lines within boxes are medians, and whiskers are 10th and 90th percentiles. Large dashed line denotes a

potential tolerable risk guideline (1073).

Table 4

Sensitivity analysis of base case scenarios that exceeded a tolerable risk
benchmark (102%) of individual annual probability of acute gastrointestinal
illness caused by enteric pathogens in an Arctic Canada wastewater exposure
risk assessment model.

Parameters” Correlation coefficients
Treatment system Mechanical Shore ~ Mechanical Shellfish ~ Passive
Exposure pathway recreation Low consumption Low Wetland

Conditions tide tide travel Spring
Distance (dist)” —0.43 - -0.38 —0.80 - —0.76 —0.95 -
—-0.88

E. coli at effluent 0.74 - 0.84 0.51 - 0.54 0.24 - 0.27
release (C,)

Inference ratio 0.18 - 0.40 0.10 - 0.26 0.13-0.32
(E. coli: Path)

Ingestion volume 0.21 -0.24 0.12-0.12 0.14-0.15

42

Values represent the range (min to max) of the rank order correlation co-
efficients across modelled pathogens for input variables in relation to individual
annual probability of illness (Piy, annua)-

2 Full definition of parameters available in Tables 1, 2, and 3.

b Negative values indicate inverse relationship between variable and Pit, annuat-

mechanical systems, this reduction could be accomplished by adding
additional treatment units (UV, chlorination, and filtration) to the
treatment process to remove pathogens. Within the model, initial con-
centration of E. coli (C,) is characterized by a Pareto distribution. The
improved treatment was parameterized by first adjusting the location
parameter, which determines the minimum possible value, from 10* to
102, which is the achievable treatment level by chlorination (Bitton
2005). Some pathogens, such as Cryptosporidium and Giardia are

resistant to chlorination; however for the purposes of this analysis we
are assuming that the mechanical treatment system would have addi-
tional units (e.g. UV) to ensure removal of the full suite of pathogens. In
turn, the shape parameter was adjusted from 0.48 to 0.15 to maintain a
fit that represents the documented 5 — 10% failure rate of mechanical
systems in Arctic Canada (City of Iqaluit 2015). Upon reassessing shore
recreation and shellfish consumption at low tide conditions, an
approximate 3 to 5 fold reduction was seen at the 75th risk level across
pathogens for both scenarios; dropping them all below the 1073
benchmark. Note that in both scenarios the 90th percentile risk level was
similar with or without mitigation, remaining above the benchmark for
several pathogens. This result is due to the incorporated failure rate in
the design, currently a reality of these systems in arctic conditions
(Johnson et al., 2014).

In passive systems, improved treatment requires designing and
constructing an adequately sized WSP capable of eliminating overflow
and leakage. The effect is that wastewater would be detained within the
WSP, undergoing a full passive treatment season, rather than continu-
ously seeping from the onset of spring freshet. Effluent would then be
manually decanted from the WSP in a controlled discharge exclusively
during a one-month period in late summer, just prior to freeze-up. The
adjoining wetland could also be engineered to slow and direct the flow
of effluent to increase retention times. The improved stabilization pond
would produce a 1-log reduction in E. coli concentration at the point of
discharge to the wetland (Bitton 2005). In modelling terms, the pa-
rameters of the uniformly distributed initial indicator E. coli concen-
tration were adjusted to a minimum of 10* and a maximum of 10°.
Additionally, changing to a controlled decant at the conclusion of the
passive treatment season dictates using the summer pathogen reduction
coefficient for the wetland treatment component (Table 1). Exposure
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Fig. 4. Box-and-whisker graphs of individual annual probability of acute gastrointestinal illness caused by enteric pathogens associated with ‘mechanical, shore
recreation, low tide’ wastewater effluent exposure scenario in Arctic Canada, under baseline conditions (Base) and mitigations (Mit. 1-improved treatment, Mit.
2-behavioural change). The probabilities were estimated using a quantitative microbial risk assessment. Boxes represent 25th and 75th percentiles, solid lines within
boxes are medians, and whiskers are 10th and 90th percentiles. Large dashed lines denote a potential tolerable risk guideline (10~%).

event frequency was also decreased to 20, to reflect the shorter time
period during which human contact with pathogens could occur in the
wetland. The risk reduction to wetland travel as a result of this mitiga-
tion is substantial, as 75th percentile values for all pathogens drop to
10~* or lower, which is approximately 2000 fold lower than base case
risk.

Mitigation 2-Behavioural change

Mitigation 2 involves interventions intended to inform people of
wastewater hazards and change the patterns of human activity occurring
in the treatment areas and receiving environments. Behavioural change
mitigations should ultimately be chosen based on what is acceptable,
appropriate, and culturally relevant to the local population (Nguyen--
Viet et al., 2009). Options in this setting may include public health
messaging or signage and fencing at the initial points of effluent
discharge. It is assumed that these interventions are preventative ini-
tiatives, as opposed to enforced by-laws. As such, some people may still
choose to enter these spaces to gain access to established travel routes
and food harvesting locations. A portion of the exposed population,
however, will likely alter their behaviour patterns and shift activity to
locations further away from the effluent release source.

In the passive system model, the minimum parameter of the uni-
formly distributed distance (dist) variable was increased from 250 to
500 m. All other values remained the same. The result was an approx-
imate 5 fold reduction in risk at the 75th percentile level for spring-
wetland travel exposure across pathogens. Even so, pathogenic E. coli,
rotavirus, Giardia, and Salmonella 75th percentile values remain at or
above 1073. Within the mechanical treatment model, the minimum
distance (dist) parameter was unaltered from the base case setting of
1000 m as this original value was based on the existing level of public

10

awareness concerning hazards in the area directly surrounding me-
chanical treatment facilities. Instead, the maximum parameter was
increased by 1000 m for both scenarios to simulate the shoreline rec-
reation and shellfish consumption exposure populations moving further
away from the treatment facility in response to the mitigation. The result
was an approximate 3 to 5 fold decrease in 75th percentile risk values
across pathogens for both scenarios; dropping all but rotavirus below the
102 benchmark.

Overall, both types of mitigation reduced the estimated AGI risk
attributable to wastewater exposures. With respect to mechanical
treatment specifically, the impact was similar across the two options.
There is greater inherent uncertainty in the mitigation 2 results, how-
ever, as the effectiveness of improved treatment processes is more pre-
dictable than actions intended to change human behaviour. Regarding
passive systems, the improved treatment mitigation was more effective,
strengthening the case for well-designed stabilization pond and wetland
systems in Arctic conditions (Balch et al., 2018). Infrastructure costs in
the Arctic are exorbitant and decisions related to upgrading wastewater
treatment should be made based on whether the investments will result
in significantly improved health or environmental outcomes. Appro-
priate technology choices and rational allocation of resources should be
part of setting priorities within an overall public health strategy and
water safety plan (Murphy et al., 2009; WHO 2016). For comparative
purposes, and keeping in mind that costs are highly variable, a me-
chanical treatment facility with disinfection capability in a
medium-sized Arctic Canada community (pop. 1500) would likely cost
upwards of $5 — 10 M in Canadian dollars (CAD). Additionally, annual
operational and maintenance costs could range from CAD$300-800
thousand, a large portion of which get allocated to energy expenses. The
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Fig. 5. Box-and-whisker graphs of individual annual probability of acute gastrointestinal illness caused by enteric pathogens associated with ‘mechanical, shellfish
consumption, low tide’ wastewater effluent exposure scenario in Arctic Canada, under baseline conditions (Base) and mitigations (Mit. 1-improved treatment, Mit.
2-behavioural change). The probabilities were estimated using a quantitative microbial risk assessment. Boxes represent 25th and 75th percentiles, solid lines within
boxes are medians, and whiskers are 10th and 90th percentiles. Large dashed lines denote a potential tolerable risk guideline (10~%).

initial cost of building a properly engineered passive WSP and wetland
treatment system is estimated at CAD$5M, but with far less operational
costs required (Johnson et al., 2014).

3.3. Limitations

The sensitivity analysis also provided insight into which health risk
assessment variables would benefit from more site data. The model used
relies exclusively on E. coli as a fecal indicator organism. Although this
approach was necessary due to lack of data availability, E. coli can be a
relatively weak indicator of pathogen concentrations (Harwood et al.,
2005). Similarly, enterococci are considered a preferred fecal indicator
in marine waters, if available (Health Canada 2012). In order to reduce
some of the uncertainty inherent in this approach, additional
pathogen-specific datasets are highly desired for future risk assessments.
A related source of uncertainty within this study is the likely differences
in environmental decay between pathogens, which were not accounted
for. This study relied on a first-order kinetics approach to estimate E. coli
decay and then the use of ratios to translate E. coli values to pathogens
for the QMRA. Although there is precedent for this indirect approach in
sanitation research within data limited settings (Fuhrimann et al., 2016;
WHO 2016; 2006a), it necessitates sourcing some of the
E. coli-to-pathogen ratios from surface or drinking water literature if a
comparable wastewater study is not available. Assuming that identical
ratios apply across water sources does constrain interpretation of the
study. Pathogen fate and transport models developed specifically for
arctic conditions would be of great benefit to future wastewater research
(Cho et al., 2016). However, all Arctic microbiology research-water,
medical, or otherwise-is currently limited by a lack of laboratory
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facilities in the remote region. Therefore, for the time being, E. coli
analysis remains the practical indicator organism given the low cost and
ease of processing. More research is also recommended specifically on
the human health risks associated with shellfish consumption in the
Arctic as the QMRA results presented here provide only a starting esti-
mate. Shellfish are an easily accessible, and therefore important, food
source in the region (Harrison and Loring 2016), yet caution is war-
ranted as worldwide they are commonly associated with wastewater
contamination and cases of AGI (Ford 2005).

The exposure pathways assessed in this QMRA were developed using
local knowledge from predominantly Inuit communities in Nunavut. As
such, the findings may or may not be directly transferable to other
communities and Indigenous populations in the Arctic. The model was
deliberately designed to be inferential and is easily adaptable to other
communities and exposure scenarios given the necessary input to define
and parameterize the human-environment interactions. This type of
data can be collected and inserted into the model by community mem-
bers and stakeholders without the need for extensive training.

4. Conclusion

Building on an initial screening-level model (Daley et al., 2019), this
research provides the first in-depth risk assessment of AGI attributable to
wastewater treatment systems in Arctic Canada. Three exposure sce-
narios included in the assessment exceeded a proposed tolerable annual
75th percentile risk target of 1073, These scenarios included: shore
recreation near mechanical treatment sites during low tide; consump-
tion of shellfish harvested near mechanical treatment sites during low
tide; and wetland travel near passive treatment sites during spring
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Fig. 6. Box-and-whisker graphs of individual annual probability of acute gastrointestinal illness caused by enteric pathogens associated with ‘passive, wetland travel,
spring’ wastewater effluent exposure scenario in Arctic Canada, under baseline conditions (Base) and mitigations (Mit. 1-improved treatment, Mit. 2-behavioural
change). The probabilities were estimated using a quantitative microbial risk assessment. Boxes represent 25th and 75th percentiles, solid lines within boxes are
medians, and whiskers are 10th and 90th percentiles. Large dashed lines denote a potential tolerable risk guideline (10~%).

freshet. Lower risk probabilities were estimated in all other scenarios.
These base case results suggest that human exposure to wastewater
effluent via food harvesting and recreational activities may be above
benchmark risk levels selected for this study. Mitigation in the form of
engineering controls and behavioural interventions were shown to have
potential to reduce risk to varying degrees. On the whole, engineered
passive systems, incorporating controlled summer discharge schedules
and risk communication messaging, appear the most appropriate
wastewater treatment option for Arctic communities.

This research was conducted using a modified participatory QMRA
approach. Participatory epidemiology-based data collection methods
including interviews, site-mapping, and public forums were used with
the conventional risk assessment framework. Thereby, local knowledge
of activity patterns in wastewater-impacted environments centered the
exposure scenario development process. As such, the results offer an
evidence base for water, sanitation, and public health policy and actions
in Arctic Canada that is grounded in community knowledge. This study
also lends perspective to the greater body of emerging epidemiology and
microbiology research investigating various aspects of waterborne
pathogens and enteric disease in the Arctic. More broadly, elements of
this research may also be relevant to other locations where basic
wastewater treatment practices are utilized.
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