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Abstract: To support Indigenous communities in preparing for uncertainties such as climate change
impacts and unexpected threats to health, there are calls by researchers and community members for
decision support tools that meaningfully and sensitively bring together Indigenous contextualized
factors such as social dynamics, local- and culture-specific knowledge, and data with academic tools
and practices including predictive modeling. This project used a community engaged approach
to co-create an agent-based model geographically bounded to a reserve community to examine
three community-requested simulations. Community members and researchers co-designed, built,
and verified the model simulations: a contaminated water delivery truck; a Pow Wow where
a waterborne infectious disease spreads; and a flood which restricts typical movement around the
reserve for daily tasks and health care. The simulations’ findings, displayed as both conventional
and narrative outputs, revealed management areas where community adaptation and mitigation
are needed, including enhancing health service provision in times of disease outbreaks or large
community events, and creating back-up plans for overcoming flood impacts to ensure services are
accessible for vulnerable members of the community. Recommendations for communities, researchers,
and modelers are discussed.

Keywords: agent-based modeling; participatory modeling; flood management; flood recovery;
truck-to-cistern water systems; Indigenous communities; storytelling; water quality; epidemiology;
health policy

1. Introduction
1.1. Land Acknowledgement and Positionality Statement

The authors of this paper live, and the work herein reported occurred, in Treaty
4 and 6 Territories in Saskatchewan, Canada, home of the Cree, Saulteaux, Nakota, Dene,
Assiniboine and Ojibwa, and Métis peoples. The authors also acknowledge their privileges
in education and socio-economic status and reflect that an Indigenous community-based
research coordinator was involved in all steps and is a co-author for this work.

1.2. Context

Yellow Quill First Nation (YQFN) is a Nahkawininiwak (Saulteaux) community lo-
cated in Treaty 4 territory, approximately 250 km east of Saskatoon, Saskatchewan, see
Figure 1. The community is situated in a low-lying area adjacent to Pagani-Sagahigan (Nut
Lake). YQFN is served by a reverse-osmosis water treatment plant; part of the community
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has a piped water service whereas the rest have a truck-to-cistern service. The health effects
of flooding and access to potable water are of great concern to the community due to their
low elevation compared with surrounding regions in the Lake Winnipegosis watershed.
The concerns raised with researchers were based on community-driven interest in adapting
to continued experiences of spring flooding, as well as preparing for unpredicted flooding
from extreme rain events expected to occur more often due to climate change [1,2]. There is
a need for researchers to collaborate with Indigenous communities, such as YQFN, regard-
ing preparations for climate change effects and potential disease outbreaks, and to support
decision processes with co-developed and culturally informed tools [3-8]. Additionally,
chronic underfunding of health services on reserves has led to situations where communi-

ties may be at heightened risk of impacts to health and wellbeing simply because of being
short-staffed [9,10].
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Figure 1. Location of Yellow Quill First Nation in Treaty 4 territory.

1.3. Agent-Based Modeling

Researchers in a variety of natural resource and health fields are advocating for par-
ticipatory modeling as a response to challenges encountered with conventional decision
support systems and stakeholder engagement methods for predictive analytics and prepar-
ing for complex problems [11-13]. Agent-based modeling has been put forward to connect
stakeholder engagement and integration of predictive data and computational models in
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specific contexts [14,15]. Agent-based modeling is a dynamic simulation modeling method
where complex systems are characterized as an environment occupied by one or more
populations of interacting, autonomous actors termed agents [16]. The method involves
placing a collection of one or more types of agents into a simulated environment, running
the simulation over time in various scenarios, and observing emergent behavior of the
system. Agents can be characterized as being unique, in that they have one or more char-
acteristics that might differ from agent-to-agent, situated at a logical, physical, or social
position in the simulated environment, and autonomous, in that they act independently
from one another [16,17]. Each agent may retain a state that can include memory of its
own history and may adapt its behavior in response to its own state and characteristics,
interactions with other agents, and its environment [16,17].

Agent-based models (ABMs) can be valuable tools for facilitating investigation of the
potential impacts of health and policy interventions within complex systems. Compared
with other simulation methodologies, ABMs can readily incorporate multiple dimensions
of heterogeneity among people and other elements within a system [18,19]. ABMs are
intrinsically stochastic, in contrast with some other methods that are deterministic. They
can further readily represent stylized to highly textured environments, including geog-
raphy. These models have been used in Indigenous contexts (i.e., for modeling disease
outbreaks, hunting, subsistence agriculture) to support decision making for public health
or ecology [20,21].

The intuitive and graphical nature of agent-based models also make them valuable
for participatory modeling approaches. Involvement of stakeholders in model conceptual-
ization and parameterization can improve models by including stakeholder expertise and
context [22]. Furthermore, community stakeholders and decision makers are often well
positioned to inform the development of practical and feasible scenarios to be modelled [23].
In turn, such models are valuable tools for community engagement and decision making.
In this context, models do not have to precisely represent reality or predict future outcomes;
rather, they provide a means to explore scenarios and potential interventions as a means of
developing a collective understanding and potential actions to address a particular health
or other community challenge [22,23]. In this project, stylized agent-based models were
developed in collaboration with the YQFN to address community concerns about water
quality and flooding and health service needs.

1.4. Discrete Event Simulation

Discrete event simulation (DES) is a simulation methodology concerned with queueing
and resource-constrained workflows. The building blocks of DES are entities, events,
resources, and queues. As entities move through the model, they use resources; if a needed
resource is in use, the entity must form a queue and wait for it to become available. Entities
may interact with each other and experience events which change their attributes, or state.
Like ABM, evaluation of a DES model is focused on the observation of emergent behavior
from the system [24].

1.5. System Dynamics Modeling

System dynamics (SD) is a modeling method where models are built from stocks,
flows, and auxiliary variables. The state of the system at any given time can be described
by the stocks. The rate of change of the system state is determined by the flows. Feedback
loops are a key unit of analysis [25]. SD models have a one-to-one correspondence with
aggregate models constructed from ordinary differential equations (ODEs).

Compared with SD, ABM and DES make it simpler to implement heterogeneity in the
model but compute performance scales more poorly with the population. Some properties
of different simulation methods are summarized in Table 1.
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Table 1. Simulation methods. Adapted with permission from [25], © Elsevier, 2022.

SD DES ABM
Perspective Top-down Top-down Bottom-up
Stochasticity Deterministic Stochastic Stochastic
Building Blocks Stocks, flows, feedback Entities, events, queues Agents, decision rules
Development time Low High High
Population Scalability Good Poor Poor
Heterogeneity Complex Simple Simple
Network Effects No Yes Yes

1.6. Objectives

This project was co-conceived by community representatives and researchers to inform
local decision-making processes through three objectives:

1.  Grounded by diverse data sources, develop a model framework with ABM to assess
and investigate comprehensive impacts on the community members from flooding,

2. Demonstrate the capability of ABMs as an operational tool for evaluating and sup-
porting health services and emergency planning and management measures, and,

3. Contribute to the sustainability of the community and their environment by providing
a tool to investigate complex interactions and feedbacks between human and natural
systems and to communicate understanding of flooding impacts and improvements
to mitigation measures.

2. Materials and Methods
2.1. Ethics

This research was conducted under the approval of the University of Saskatchewan
Behavioural Research Ethics Board ethics number 18-08, for Principal Investigator Lalita
Bharadwaj. The research was also approved by the Chief and Council members of Yellow
Quill First Nation, and a community feast and a blessing by an Elder occurred prior to any
research activities occurring.

2.2. Community Engagement

Members of the research team (Bharadwaj, Bradford) have been engaged for over ten
years with Yellow Quill First Nation leadership and community members on community-
driven projects regarding water, from securing access, recognizing values of local waterbod-
ies, and monitoring quality and quantity of local surface and groundwater, to understand-
ing threats to local waters used for drinking, harvesting fish, cultural activities, maintaining
hydrological flows, and valuing the ecosystem services provided by water [26-28]. A co-
designed research plan, as well as ongoing strong individual relationships with community
leaders meant that the project emerged respectfully, and local data was freely shared
through established ownership, control, access, and protection agreements. During one
of the research results meetings for previous projects, community members asked specif-
ically to examine what would happen to infrastructure and community dynamics with
various levels of flooding, and who would be most vulnerable. Community members and
councilors were interested in ensuring that emergency needs, such as evacuation routes
and flood-safe storage sites for equipment, were identified. They were also interested in
exploring how a contamination event in the truck-to-cistern supply system may spread
illness. Because of the nature of these questions, and the community’s familiarity with
modeling from previous projects, an agent-based model was suggested as a way to develop
a foundational model from which to explore multiple scenarios.

Once the funding decision was received, regular research progress meetings occurred
bi-monthly over two years with the Chief and Council members of the community. A locally
based community research coordinator (Neapetung) was hired to liaise with the researchers
(Bharadwaj, Bradford, Belcher) and coordinate data gathering events. Eight data gathering
events occurred between March 2017 and August 2019 in the community. These events
each started with community feasts at the local community hall as requested as part of the
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community engagement strategy, followed by individual and group-based stations set up
for data gathering (community asset mapping, interviews, sharing circles, and arts-based
methods). Maps of the community were provided and members drew their regular daily
activities at different locations, and the approximate timing of their activities. Technicians
from the community who worked on operations, roads, lands, and resources portfolios
were also made available to consult with a computer science student, (MacDonald) who
was building the agent-based model, about technical questions such as water system
design, infrastructure weaknesses, and climate. The later community gatherings included
a researcher (Bradford) setting up a laptop and screen with initial versions of the model.
Community members were asked to analyze the model. When suggested by community
members, more data was collected (i.e., on the school bus route, and on the frequency of
visits to Elders” homes). Once data were aggregated, a community meeting was arranged
(August 2019) for verification of overall themes, specific sites of concern, and community
dynamics (i.e., where most people travelled and interacted throughout a ‘typical day’).
At the verification meeting, community members noted that charts and tables were too
scientific, thus, the suggestion to add a narrative diary of daily activities for each agent was
incorporated into the model outputs.

2.3. Simulation Model

The agent-based simulation model (ABM) was constructed using AnyLogic soft-
ware [29], a multi-method simulation modeling package employing the Java [30] program-
ming language. The model includes a geographic information systems (GIS) component that
allows agents to appear on a map of the YQFN community. The model includes representa-
tions, as agents, of people, homes, workplaces, schools, cultural sites, nursing stations, water
treatment and distribution infrastructure, and areas ponded due to flooding. An embedded
discrete event simulation model simulates patient flow at a nursing station in the commu-
nity; this arose due to a request from community members to understand what additional
health resources would be needed if a waterborne illness occurred. A generalized health
condition, which can represent communicable or chronic disease, was also implemented
so that the community could observe potential rates of community-spread or impacts on
access to care. The model also incorporated a storytelling feature that permits following key
events in a particular agent’s experience during a simulation. The storytelling feature was
requested as it best aligned with the oral storytelling tradition as a key means of education
in the Saulteaux culture. This model can be considered ‘reactive” as opposed to ‘thinking’,
as no sophisticated cognitive processes are modeled in the person agents.

2.3.1. Model Purpose and Scope

The model simulates the potential effects of various scenarios, designed to facilitate
discussion and reasoning related to water security and health in engagement with the
community. This work does not propose to provide predictive modeling for specific emer-
gencies or real-time decision analytics, rather it provides a coarse-grained comparison
of the extent of outcomes from certain plausible scenarios. Whereas some works [31,32]
examine cooperative or adversarial interactions between multiple stakeholders, this work
focuses on a single stakeholder group, the community of YQFN. Because water is delivered
to some household cisterns by truck, the first scenario simulates the effects of microbial
contamination of a water delivery truck on the spread of waterborne pathogens throughout
the community. This scenario is also informed by research in other communities [8,33].
A second scenario simulates the spread of waterborne pathogens throughout the commu-
nity if contaminated water were to be served at a Pow Wow (a major community event).
Each of these scenarios tracks the number of people exposed to the pathogen, infectious
with the pathogen, and seeking health care due to illness. The third scenario simulates the
impact of flooding on preventing access to health care in the community due to ponding
and road washouts commonly experienced in the community during heavy rainfall events.
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This scenario monitors the proportion of people experiencing impaired mobility within the
community, and therefore impaired access to health care.

2.3.2. Agents

Person agents are distinguished by age, sex, geographic position, home and work
location, and care-seeking probability. The population of person agents was designed to
align with current community profiles on population demographics, which were available
through federal census, local census reporting, and what researchers heard at local data
gathering events about the make-up of the community. Economic, cultural, and ethnic
differences were not considered but remain open as avenues of future work given interest
and data availability. A person may be considered healthy, with no health conditions, or
may have one or more generic health conditions that may cause them to seek health care.
Each person will normally commute from home to work or school and back each day; this
may be interrupted by seeking care for a health condition or attending a cultural event in
the community.

Homes, workplaces, a school, a nursing station (clinic), water treatment infrastructure,
and cultural sites are represented in the model and assigned a geographic location on the
community map. The model tracks person agents present at each place at any given time,
and each place is associated with a water source. Total water use for each place is computed
based on the number of people inside and the water use per person per day and influences
how often the water truck visits the place. A place may be clean or contaminated with
pathogens and may pose other generalized health hazards such as injury to the occupants.
Each health hazard, including contamination by waterborne pathogens, carries with it
a specified probability per six-hour period that a person in that place will be affected by the
associated health condition.

Patient flow at the nursing station is represented by a discrete event simulation
model [24], in which patients arrive and wait for treatment. Patients may become tired of
waiting and leave before being seen or stay and eventually be allocated a health worker
and bed and then undergo treatment.

Water sources are modeled as agents and can represent treatment plants, reservoirs, or
cisterns. The water treatment plant is associated with a treatment capacity, which influences
the rate at which its reservoir refills, and may be contaminated with a waterborne pathogen.
Cisterns serve a single building and enter a queue for water delivery when their water
levels drop below a certain level.

The water delivery truck agent represents a water truck that delivers water to houses on
a truck-to-cistern system that forms part of the YQFN water distribution system. The water
truck sits idle when no cisterns are empty, and no customers are calling for water. Trucks will
move to make deliveries in the order the requests are received once triggered by low cistern
water levels. The water truck has a specified capacity and will return to the filling station
as required. If the truck’s filling station runs out of water, it will wait for more water to be
available. For particular scenarios, the water truck will be contaminated with a waterborne
pathogen, which it will then spread to the cisterns that it serves with 100% probability when
it fills the cistern. The truck could also undergo decontamination at a certain frequency; if
a contaminated truck underwent such decontamination, it was assumed that the contamination
would be eliminated. Questions around water contamination represent pervasive issues on
First Nations in Canada [33,34] and were of great interest to the YQFN community.

A storyteller agent was implemented to aggregate key events happening to a single
person agent during a model run. This agent again lacks true agency but creating it as
an agent allows for convenient implementation using the AnyLogic graphical editor. This
feature was implemented at the request of community members to present results in a way
that aligned with the significance of storytelling in First Nations’ culture.

The population of storyteller agents exists at the root level of the model. Each is
associated with a person either randomly or as chosen by the user. By default, 2% of person
agents have a storyteller. When a person agent experiences a key event, it invokes the
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tellMyStory method which records the event in the associated storyteller, if it exists. If no
storyteller agent is associated with that person agent, then nothing is recorded.

Figure 2 shows the storyteller in the running model. The person agent whose story
is being told began by following their regular commute between home and work; this
person was exposed to an infectious agent on day 5 but was not infected, and again on day
7 where they contracted the waterborne illness. On day 8, the person attended the nursing
station/clinic for treatment.

§ root.population[10]'s Story:

0.333: Leaving home.

0.333: Heading io work at: raot:workplacas(§)
0.347: Arivad at work at: oot workplaces{5]
0.70: Leaving work.

0.708: Heading home at: raot homes{103]
0.722: Arrvad 8t home.

1.33% Leaving home,

1.333; Heading to work at: root workplaces(s]
1,347 Arrivad 8t work at root workplaces(]
1.708: Loaving work.

1.708: Hoading home at: root homes{103]
1.722: Artivad st horme.

2.333: Laaving hone.

2.833: Moading 1o work at: root workplaces{s)
2.347: Aived a1t work at. foot workplaces(5]
2.708: Leaving work.

2.708: Mpaging home al: FooL homes{103]
2.722: Aived a1 horne.

3233 Laaving home

3.333: Heading 1o work at: foot workplacas{6)
3.347: Aurived at work ot rootworkplaces(§]
.708: Leaving work

3.708: Heading home at: root homas{103]
3722 Arived at home.

4.333: Leaving home

4.333: Heading to work at: root workplacas{6)
4.347: Aurived at work at: rool workplaces{§]
4.708; Leaving work

4.708: Heading home at: root homes{103]
4722 Aurived at home

5.33%: Leaving home.

6.333: Heading 1o work at: root workplaces{§]
5.347: Aurived at work at. root workplaces{5]

5.708: Leaving work.

5.708: Heading home at: oot homas{103]
5722 Arived at homo.

6.393: Leaving home

8.333. Heading to work at: root workplaces(6]
B.347: Artived at work at: oot workplaces(]

6.708: Leaving work
6.708: Heading home at: raot homes{103]
6.722: Amived at homa

7.33% Leaving home.

7.333: Heading fo work at: rootworkplaces{§]
7.347: Amivad a1 work at: root workpiacas{5]

7.476: Contracted: Stylized Waterborne llines:
7.708: Laaving werk
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8.930: Leaving home.

8.979: Anived at home.

0.333: Leaving home.

8.333: Heading to work at: root workplaces(6]
9347 Arived al work a: rooLworkplaces{s)
.709: Leaving work

9.706: Heading home at: root homes{103]
9.722: Arivd at home.

=

Figure 2. A screenshot of the storyteller agent documents the daily events and movements for a person
agent over the course of a model run. Colored entries represent the events involving exposure to an
illness or seeking treatment (orange), contracting the illness and experiencing symptoms (red), and
recovering from the illness with or without professional treatment (green).

2.3.3. GIS Environment

Agents in the model exist in a geographic (GIS) environment, appearing and moving
around on a geographic map of YQFN, verified by community members. People and other
mobile agents follow actual scale roads, where available, and move between origins and
destinations within the community as per the daily routines described and collected during
community engagement events. Buildings, water treatment infrastructure, and cultural
sites are placed at their actual map locations as determined from an orthographic air photo.
AnyLogic provides for loading of the base map from OpenStreetMap [35], as well as placing
overlays in a shapefile format. A shapefile is overlaid to indicate the extent of the YQFN lands.

The use of precise GIS in a stylized model provides several benefits. One is that it
allows stakeholders to see the simulation playing out over a map of their own community.
Another is that agent movements can be pathed along roadways. Finally, it allows the
flooding data, which is georeferenced, to be integrated, as discussed in Section 2.3.4.

2.3.4. Flooding

Flooding in the community is represented by areas of ponding associated with heavy
precipitation. Ponding data were obtained from the output of the wetland DEM ponding
model (WDPM) developed by the University of Saskatchewan Centre for Hydrology, where
DEM stands for digital elevation model, and based on community-requested values of 10-,
50-, and 100-year flood events [36,37]. Within the ABM, each ponded area is associated with
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an agent that periodically checks to see if any person agents are within its bounds; a message
is sent to each person agent who has entered the ponded area, and, if appropriate for the
scenario, the person will stop their movement and indicate that they are blocked. Community
members verified sites where driveways and roads become impassable during heavier floods.

2.3.5. Health Conditions

The model represents health conditions as agents governed by generalized state charts
that can be parameterized to represent either communicable or non-communicable diseases.
Communicable diseases can be set to progress through pre-infectious (latently infected),
infectious, and post-infectious states, whereas non-communicable diseases move directly
to the post-infectious state. Chronic diseases stay in the post-infectious state indefinitely.
For the purposes of the scenarios investigated in this study, three stylized heath conditions
were implemented: a waterborne illness that is transmissible through contaminated water
and person-to-person, a generic physical injury, and type II diabetes requiring dialysis.
Type II diabetes was chosen as one of the health conditions due to its disproportionate
impact on Indigenous peoples in Canada as compared with the general population [38] and
community interest. Further, Indigenous people with youth-onset diabetes are at greater
risk for end-stage renal disease and death than the general population [39]. The general
physical injury represents another example of the configuration of the health condition as
well as an additional motivation for care-seeking behavior by person agents. An additional
state chart represents treatment status, which may reduce severity of symptoms.

The representation of waterborne illness follows the susceptible exposed infective recov-
ered susceptible (SEIRS) model [39] with the baseline scenario characterized by a latent period
of one day, an infectious period of 3 days, waning of immunity after 14 days and a rate of
person-to-person transmission of 25% per 0.1 days. An infected person will remain in their
home, except for seeking health care, for the balance of the 5-day duration of their illness.
This is not currently calibrated to match a specific real-world pathogen and instead represents
a stylized illness and allows reasoning about behavior in diverse scenarios involving the
community and consultation and collaboration with community stakeholders.

Type II diabetics in the model require dialysis about three times per week. At the
conclusion of this interval, their type II diabetes health condition will enter an untreated
state and they will attempt to seek care at the clinic.

A person with a health condition in the untreated state will, at a rate of 1.0 per day, attempt
to seek care with a probability given by that person’s care seeking probability parameter. At a
population level, the care seeking probability is uniformly distributed from 0.0 to 1.0.

The model structure is described in greater detail in Appendix A.

2.4. Scenarios and Parameterization
2.4.1. Scenarios

Broadly, three scenarios were postulated in the current version of the model: a con-
taminated truck, Pow Wow, and impacts of flooding on mobility and unmet care needs of
people within the community. Although the model was designed with a broad framework
to allow exploration of diverse scenarios, the cross-cutting concern joining these scenarios
is community access to health services.

The contaminated truck scenario examines the spread of disease if the water delivery
truck was contaminated with a pathogen causing waterborne illness, and the resultant
impact on care seeking at the nursing station. As people get sick, they will attempt to seek
care at the clinic, which was modeled at levels reflective of actual staffing. Wait times at the
clinic depend on the number of patients and resources available. Patients who are treated
will self-isolate until recovered, but those who leave without being seen will continue about
their daily routine, potentially transmitting infection. This scenario runs for 28 days.

The Pow Wow scenario considers similar impacts to the contaminated truck scenario
if contaminated water were to be served at a large community event. This scenario also
runs for 28 days.



Water 2022, 14, 2601

9 of 30

The mobility scenario simulates how a flooding event may interfere with the move-
ment of people about the community, particularly the number of people prevented from
seeking care for type II diabetes. This scenario runs for 5 days. This scenario emerged from
initial sharing circles with Elders where they reported fear for losing their mobility to get
to medical appointments, get children to school, and for community members to get to
employment due to roads being washed out.

Time is continuous with units of days for all scenarios.

2.4.2. Parameters

Model parameter values were developed in consultation with the community, with
some population parameters—including the age distribution—being derived from 2016
Canada Census data [40].

The water truck scenario assumed that a single water truck served the community and
would become contaminated with a pathogen and subsequently contaminate any cisterns it
filled. In the Pow Wow scenario, it was assumed the entire community would attend. In both
the water truck and gathering scenarios, it was assumed that the hypothetical pathogen would
impose a 75% probability of infecting each exposed person per 6 h. It was also assumed that
all people requiring care would seek it, including those who became ill with the waterborne
pathogen, those with injuries, and diabetics requiring dialysis. Diabetics would require
dialysis approximately three times per week. The nursing station was assumed to be staffed
with one health care worker, and the time until someone seeking care would leave without
being seen was drawn from a continuous uniform distribution with a minimum of 1 and
a maximum of 6 h. Once health care is received, the agent will stay home for the duration
of their illness. The baseline values for parameters important to the outcomes in each of the
described scenarios but which were not varied in the experiments are summarized in Table 2.
Additional details about model parameterization and structure are given in Appendix A.

Table 2. Baseline model parameters not varied across experiments.

Parameter Baseline Value
Demographics
Population 8001
Male: Female ratio 1.0
Unemployed fraction—Male 0.52
Unemployed fraction—Female 0.152
Prevalence of diabetes requiring dialysis 0.02
Water Delivery
Probability contaminated truck results in 1.0
contaminated cistern ’
Waterborne Illness Natural History
Rate of infection by waterborne pathogen from

. . 0.75/6 h
contaminated premises
Latent period 1 day
Infectious period 3 days
Rate of person-to-person transmission 0.25 per 0.1 days
Duration of immunity 14 days
Clinic Operations
Rate ill person will seek care 1.0/day
Time until leaving clinic without care 1.0-6.0h
Number of health care workers 1
Number of beds available 4
Time for appointment 5 min
Time using bed after appointment 0 min

! Population drawn from probability distribution based on population pyramid from 2016 Canada Census of

Population [10]. 2 Employment rates derived from community consultation.

Parameters varied for experiments included whether the illness could be transmit-
ted person-to-person, the duration of illness, how often the water delivery truck was
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cleaned, and rainfall amount. The baseline (default) values for each of these parameters are
summarized in Table 3.

Table 3. Baseline values of parameters that were varied in experiments.

Parameter Baseline Value

0.25/0.1 days

Rate of person-to-person transmission

Duration of waterborne illness 5 days
Probability delivery truck is contaminated 0.0
Truck decontamination Never
Rainfall 0 mm

2.5. Outcome Measures

For the contaminated water truck and Pow Wow scenarios, the proportions of persons
in various states of exposure to and illness with respect to the waterborne pathogen were
reported, specifically the proportions of susceptible, exposed, infected, and recovered per-
sons. The model also outputs counts of persons in each health status (healthy, waterborne
illness, diabetes, or injury) and cumulative counts of people treated at the nursing station
for each health status. Cumulative counts of people treated (for any condition) and people
who leave without being seen (LWBS) at the nursing station are also displayed.

For the flooding and mobility scenario, the model displays the fraction of people in
the general community whose movement is blocked by flooding and the count of people
unable to access transport to seek dialysis for type II diabetes. In fact, dialysis is not
available at the local clinic; patients must be transported to another community to receive
treatment. For the model, it was assumed that, if a flooding event prevented a patient from
reaching the local clinic, they would also be unable to access transport.

2.6. Experiments

Table 4 lists the variations in each scenario that were run as experiments. This can be
viewed as four experiments: one examining the contaminated truck effects with different
disease characteristics; one examining the contaminated truck with different decontamina-
tion schedules; one looking at the Pow Wow with different disease characteristics; and one
considering movement with different flooding levels. Similar to scenario development, the
contaminated truck and Pow Wow experiments were not calibrated to a known pathogen,
but represent stylized variations meant to explore outcomes with different pathogens and
management practices. For each configuration of the experiments listed in Table 4, a Monte
Carlo ensemble of 100 realizations of the model was run.

Table 4. Summary of the scenario variations from baseline comprising each of the experiments.

Scenario Variation Description
Contaminated Truck Baseline ! Baseline scenario

Alt1 Disease is not transmissible person-to-person

Alt2 2-day longer illness duration

Alt3 Disease is not transmissible person-to-person; 2-day longer illness duration

Cleaning 1 Truck is decontaminated daily

Cleaning 1 Alt 1 Truck is decontaminated daily; disease is not transmissible person-to-person

Cleaning 5 Truck is decontaminated every 5 days

Cleaning 5 Alt 1 Truck is decontaminated every 5 days; disease is not transmissible person-to-person
Pow Wow Baseline ! Baseline scenario

Alt1 Disease is not transmissible person-to-person

Alt2 2-day longer illness duration

Alt3 Disease is not transmissible person-to-person; 2-day longer illness duration
Movement Baseline ! No flooding

10 mm Flood due to 10 mm precipitation event

20 mm Flood due to 20 mm precipitation event

100 mm Flood due to 100 mm precipitation event

1 See Table 3.
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3. Results
3.1. Contaminated Truck Scenario
3.1.1. Model Outcomes

The contaminated truck scenario simulates a stylized waterborne illness, as described
in Section 2.3.4, being spread by the water delivery truck to cisterns from which people
consume water and get sick. It is important to emphasize again that this is a stylized
disease, and it has not been calibrated to match its behavior to a specific pathogen. Figure 3
shows model outputs from a single model realization using the baseline parameters for
this scenario. The simulated disease spreads through most of the community over a period
of about 2 weeks, Figure 3a. Figure 3b illustrates patient access to the nursing station; since
the disease spreads gradually through the community, the nursing station can handle all
visits and no patients leave without being seen. Whereas Figure 3 depicts the outcomes
of a single realization, reflective of the stochastics in the model, the next section considers
outcomes from ensembles of realizations.
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Figure 3. Results from contaminated truck scenario: (a) fraction of the population in susceptible,
exposed, infectious, and recovered states; (b) cumulative count of people treated and leaving without
being seen (LWBS) at the nursing station.
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3.1.2. Ensemble Results

Figure 4 shows outputs from the contaminated truck scenario varying disease char-
acteristics. The line represents the mean and the bands the 5th and 95th percentiles over
100 realizations of the model. Panel (a) depicts patients treated with baseline disease char-
acteristics. In the experiments without person-to-person transmission, (b) and (d), fewer
people were infected and sought treatment because the only way to acquire the disease was
to be present at a place with a contaminated cistern, which were mostly residences. A longer
disease duration resulted in a flatter curve in the case where there is person-to-person
transmission (c) but had little effect when there was no person-to-person transmission (d).

Cumulative Number Treated

600

400

200

(a) (b)

{c) (d)

10 20 0 10 20
Time (days)

Figure 4. Patients treated from contaminated truck scenario: (a) baseline; (b) no person-to-person
transmission; (c) longer duration of infection; (d) no person-to-person transmission and longer
duration of infection. Line represents the mean and bands represent the 5th to 95th percentile over
100 realizations of the model.

Figure 5 shows patients treated from the contaminated truck scenario with varying
decontamination interval and disease properties. Daily decontamination resulted in a no-
ticeable reduction of infections for both the scenario with person-to-person transmission
(a) and without (b). The 5-day decontamination interval was less effective in both the
case with person-to-person transmission (c) and without (d). Pathogens may persist in the
contaminated cisterns [33,41-43].
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Figure 5. Patients treated from contaminated truck scenario: (a) 1-day cleaning interval with person-
to-person transmission; (b) 1-day cleaning interval, no person-to-person transmission; (c) 5-day
cleaning interval with person-to-person transmission; (d) 5-day cleaning interval, no person-to-
person transmission. Bands represent the 5th to 95th percentile over 100 realizations.

3.2. Pow Wow Scenario
3.2.1. Model Outcomes

The Pow Wow scenario simulates a one-day cultural event where the entire community
attends, and drinking water is contaminated. Figure 6 shows model outputs from one run
of the Pow Wow scenario using baseline parameters. Figure 6a illustrates that most of the
community became ill within a few days of the event. Since many people get sick at the
same time, the nursing station is overwhelmed, as indicated by the substantial number of
people leaving without being seen (Figure 6b).

3.2.2. Ensemble Results

Figure 7 shows outputs from the Pow Wow scenario when varying disease character-
istics. Without person-to-person transmission, (b), fewer people were infected and sought
treatment, but the outbreak still constituted a major disease event because the entire com-
munity attends the Pow Wow. Longer infection duration increased the number of patients
treated where there was person-to-person transmission, (c), but had negligible effect where
there was not, (d).



Water 2022, 14, 2601 14 of 30

(a)

1.00

0.75

0.50

Fraction of People

0.25

0.00

0 10 20
Time (days)

. Recovered . Infectious . Exposed . Susceptible
(b)

1000

/

750

500 f

Cumulative Count

T

0 10 20
Time (days)

—— Number Treated —— Number LWBS

Figure 6. Results from Pow Wow scenario: (a) fraction of the population in susceptible, exposed,
infectious, and recovered states; (b) cumulative count of people treated (blue) and leaving without
being seen at the nursing station (red).
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Figure 7. Patients treated from Pow Wow scenario: (a) baseline; (b) no person-to-person transmission;
(c) longer duration of infection; (d) no person-to-person transmission and longer duration of infection.

Bands represent the 5th to 95th percentile over 100 realizations of the model.

3.3. Mobility Impacts from Flooding Scenario
3.3.1. Model Outcomes

The mobility scenario simulates a flooding event and examines how it interferes with
the movement of people about the community. Figure 8 shows the model map view for the
main area of the community for the mobility scenario with a 100 mm precipitation event
flood levels; blue polygons indicate areas with ponded water due to flooding, as obtained
from the WDPM [36,37]; persons represented in red have been blocked in their move-
ment. In this example, about 45% of the community residents have had their movement

interrupted by the flood.
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Figure 8. Mobility scenario for 100 mm precipitation event. Red color represents the land within the

community boundaries. Blue color represents ponded areas due to flooding. Red agents represent

those whose movement is blocked by the flooding event.
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3.3.2. Ensemble Results

Figure 9 shows the mean number of people whose movement was blocked among
dialysis patients and Figure 10 shows the number of people whose movement was blocked
among the general population over the 5-day simulation time horizon. Heavier rainfall
events led to more flooding and disruption of movement within the community.
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Figure 9. Dialysis patients untreated and blocked: (a) baseline; (b) 10 mm precipitation flood event;
(c) 20 mm precipitation flood event; (d) 100 mm precipitation flood event.

100

75 —

50—

25—

(a) (b)
100

Count Simulations

75

50

25

(c) (d)
0 100 200 300 400 0 100 200 300 400
People Blocked

Figure 10. General population blocked: (a) baseline; (b) 10 mm precipitation flood event; (c) 20 mm
precipitation flood event; (d) 100 mm precipitation flood event.
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4. Discussion

The objectives of this work included co-creating a decision support tool that was
grounded by diverse data sources (academic and community-based, experiential, and
predictive, quantitative, and qualitative) and that could evaluate potential adaptations to
climate change impacts such as increased flooding and health threats, and service needs
during emergencies. Given the community’s request to consider connections between
human and natural systems holistically and in a culturally relevant way, researchers were
directed to examine complex interactions and behaviors simultaneously, and report in
a storytelling form as well as in conventional statistics and figures.

Important to the maintenance of relationships with Indigenous partners, it was essential
that the research team employed continuous engagement and verification of model iterations
and outputs with community representatives at all levels (youth to Elders, Chief and Council
members, and community staff). Using agent-based modeling facilitated this, and the project
team were able to provide a tool for decision support that had local impacts and furthered
knowledge on participatory modeling with Indigenous communities (see Section 5).

Indigenous communities in Canada face higher risks of infections due to environmental
and social factors [3,33,41-43]. This work created a context-specific tool that quantified
the risks associated with a waterborne disease outbreak through an agent-based model
that reflected community dynamics and cultural values. For example, visiting each other
within the community is a regular social and cultural practice that promotes wellbeing and
connectedness. However, in times of disease outbreak, the social connectedness needs to be
offset with public health measures and increased service provision at the health center to
protect health and treat illness. Factors such as community dynamics, demographics, and
mobility, discoverable with trusting engagement methods, should be carefully considered
when developing disease outbreak and climate change mitigation plans. The results of
this work demonstrate how agent-based models can draw in these factors through the
creation and programming of agents that reflect actual community dynamics. For example,
such methods can explicate how people agents moved through the community and/or
get blocked by local climate conditions, and when the historically under-supported health
stations [9,10] become overwhelmed, resulting in person agents leaving without being seen.

Indigenous and partnered researchers and communities have called for new research
tools and approaches that meaningfully include Indigenous peoples” knowledge on health
and wellbeing to better conceptualize the health implications of climate change [4,11]. In
this model, we co-created a new tool for decision makers in a community that is informed
by community-raised concerns for responding to the threats of climate change, specifically
flooding and how floods may affect mobility. Our model uniquely combined an accurate
representation of the geographic features of the community with detailed flooding informa-
tion extracted from the WDPM developed by the University of Saskatchewan Centre for
Hydrology, and mobility impacts from flooding were further verified by experiences shared
by community members. Our model suggests the need to consider flood mitigation mea-
sures and flood-proof important roads, create alternate methods of entering/leaving the
community for care when needed, and to consider the proportion of community members
whose daily activities, which support community wellbeing, may be blocked. Implications
include the need for climate change adaptation planning within the community that can
be transferred to other threats beyond flooding. This work helps to answer calls by re-
searchers to support Indigenous communities with climate change adaptation research, in
appropriate and decolonizing ways [3-7].

Agent-based models developed in collaboration with stakeholders provide a powerful
and intuitive tool to explore community-driven concerns, both through the iterative model
building process and the model outcomes [22,23]. Community participation in developing
the present models of the impacts of water contamination and flooding on the YQFN
provided important local understanding and context to the model. For example, community
consultation on employment rates for model demographics provided important insight
beyond numerical rates. Females experienced greater paid employment rates, with some
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males supporting families by unpaid work such as hunting and fishing. People without
formal employment also filled additional social and cultural roles, including visiting Elders,
clearing new trails, quickly visiting community places to support others, providing cultural
programming, or mentoring youth. Representation of this aspect of daily life was important
to community members, as the community tends to give the unemployed opportunities to
contribute in other ways.

Community input was also important in developing model output. Quantitative
output provided understanding for decision makers as to how quickly services would
be disrupted or overwhelmed under the different scenarios. The stochastic nature of
agent-based models provides further insight through the potential for variability sug-
gesting a range of impacts, importantly allowing decision makers to envision not only
average/expected outcomes but more extreme potential outcomes. Implementing the
storyteller agent also provided insight on how individual lives might be disrupted. Both
forms of output were valuable to the community and more accurately reflect Indigenous
worldviews, which tend to be holistic. Further model building and refinement in collabora-
tion with the community is recommended to further explore community-driven concerns
around climate change effects, health and wellbeing, and community mobility.

Although the modeling approach taken in this study has many benefits, limitations
include the stylized nature of the model, particularly with respect to the waterborne illness
that was generalized rather than representing a particular pathogen. In addition, census
data were incorporated in the model but are often inaccurate for Indigenous communities
due to colonialism (i.e., a history of removal of children and people from the home by
settlers means that when unknown individuals knock on doors for census purposes, there
is often a refusal to answer), as well as the sometimes transient nature of populations
and overcrowding [44,45] Data were drawn from existing published work, and from
community records and engagement, however, more data could be incorporated into the
model reflecting susceptibility, co-occurring conditions, and frequency of events such as
truck contamination, cistern contamination, popular community events, and fluctuations
in health center hours and staff availability. In addition, community member population in
YQEFN surpasses 2400 within the province, however, only around 8-900 people live on the
reserve, and the demographics change frequently depending on housing and employment
availability. Although developed in close consultation with the community, the parameters
informing this model represent a snapshot in time and are not generalizable to other time
points or to other communities. In addition, the model was developed before the COVID-19
pandemic and no post-COVID 19 data are available for comparison.

5. Conclusions

Indigenous communities and partnering researchers continue to build knowledge
on decision support tools that can support resource management and climate adaptation
decision making [3-7]. The benefits of this project included incorporating actual needs of
the community, using repeated engagement to gather data and co-refine the model, and
producing model outputs that aligned with both community cultural traditions (story-
telling) and researcher-driven goals. Community-driven questions also drove the model
co-design, and members of the community had opportunities to share their ideas and
concerns through in-person engagement in their communities when researchers visited.
Community research coordinators also developed research-specific skills and assisted
the research team in developing interpersonal skills for cross-cultural engagement with
Indigenous community members.

In addition, this work has already had local impact; given the predicted blocking of
roads due to future flooding, the community elected to build a new lands and maintenance
operations building in 2020-2021 with a large, attached storage garage in which a grader,
digger, and numerous four-by-four off-road vehicles and snowmobiles are stored at a high,
crucial point within the community. Before this work, those vehicles were stored in a town
15 km (about 9.32 mi) away and were inaccessible when needed to transport community
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members or obtain supplies. Additionally, new research grants have been secured to
develop customized and culturally aligned training programs for water treatment officers
working on combined truck-to-cistern and piped distribution systems, not otherwise
included in current conventional training programs for water treatment officers. A direct
benefit from this context-specific model custom-created for them and with them, was that
decision makers reported feeling strengthened in their conviction to make appropriate
decisions about climate change adaptations and health service provisions.

Recommendations for communities and community members include seeking out
climate predictions and records for their region to inform discussion on climate adaptations.
When these data are incorporated into models, such as the agent-based one described here,
the combination becomes a powerful decision support tool for directing limited operations
and maintenance funding on reserve to solutions for long-term challenges, including
infrastructure, flood mitigation measures, and establishing response plans for blocked
transport corridors. Communities can and should also have their own local knowledge and
traditions included accurately and meaningfully into models so outputs contain details
that can inform steps to take for cultural wellbeing and continuity in the face of floods
or other climate events. Community leadership can also benefit from these models and
the evidence derived from them in negotiating with federal agencies for consistent and
increasing support of climate change adaptation measures.

Recommendations for modelers include learning to engage with community members
to increase the local relevance and credibility of their work, and to incorporate context-
specific and meaningful community dynamics into the models they produce. For example,
visiting neighbors is an important and frequent part of daily life and wellbeing in the
YQFN community. However, without asking community members directly, this would
have gone unnoticed in model parameterization even though it affects disease transmission
and community belonging. Considering the types of outputs produced from academic
methods is also important; options that provide quantified data are helpful for relations
with government agencies, but narrative outputs are also important for cross-cultural
communication [46].

Recommendations for researchers include continuing to develop and test modeling
software and tools that include customization and context-specific factors for community-
partnered work in community health, climate change impacts, and beyond. Committing
to multiple iterations of model building with local verification and inclusion of local data
will enhance the satisfaction and utility of findings for communities who come forward
with community-driven concerns. Researchers can also contribute to joint action with
community members by providing data and reports in formats that communities can use
when they approach funding agencies, contractors, and others who provide services to
communities. In this case, the model outputs were shared with government agents, who
agreed that climate and health adaptations were a legitimate investment for community
security and wellbeing.

Finally, few other studies that were co-created and based on actual landscapes, climate
change, and health threats to Indigenous communities have been published for comparison,
or to inform this and future work. At time of submission, no other agent-based models of
climate events and health services specific to an Indigenous community in this province, or
country could be found. We recommend continued exploration of the utility of co-created
agent-based models with Indigenous communities to build both pedagogical frameworks
for researcher-community collaborations in the future, and for advancing community
efforts for climate adaptation and mitigation.
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Appendix A

Following is a detailed description of the model, as constructed, following the ODD
Protocol [47,48].

Appendix A.1. Objectives
Appendix A.1.1. Purpose

The purpose of the model is to serve as a discussion piece for community engagement
by examining possible effects of waterborne illness and flooding on the community of Yel-
low Quill First Nation. Specifically, impact on the clinic’s capacity to serve the community
following outbreaks driven by a contaminated water truck and a community event, and
impact via transportation limitations of flooding events of varying magnitudes.

Appendix A.1.2. Entities, State Variable, and Scales

The model is made up of People, Places, Water Sources, Water Transporters, Health
Conditions, and Ponds. State variables are tabulated in Table A1.
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Table Al. State variables.

Name Description

Person

Age

Sex

Home Location

Work Location
Care-seeking probability

The person’s age in years

The person’s sex

The Place representing the person’s home

The Place representing the person’ workplace, if any
Probability the person will seek care if unhealthy

Health Conditions Health Conditions the person has
Place

Unique ID ID of this place

Location Geographic location

People Inside Person agents inside this place

Water Source

Water source for the place

Water Source

1D

Location

Source

Reservoir Level
Secondary Sources

ID of this water source

Geographic location

Parent water source for the source, if any
Level of reservoir for the source

Water sources drawing from the source

Water Transporter

Home Base
Location
Reservoir Level

Water source where the transporter refills
Geographic location
Level of transporter’s reservoir

Health Condition
Duration Duration of the condition
Symptom Type Curve shape for symptom severity vs. condition progression

Transmission Type
Transmissivity Begins
Transmissivity Ends
Prob of Transmission
Full Recovery

Prob of Death
Curable

Treatment Symptom Mult
Treatment Death Multiplier

Immunity Period
Treatment Duration

Means of transmission of the condition, if any
Point in progression where transmissivity begins
Point in progression where transmissivity ends
Probability of transmission on exposure

Whether the person recover fully at end of condition progression
Probability of death from the condition

Is the condition curable through treatment
Multiplier on symptoms due to treatment
Multiplier on probability of death due to treatment
Duration of immunity after recovery

Duration of treatment

Pond

Region
Collisions

The GIS region associated with the pond
Count of the number of agents that have “collided” with the pond

Additionally, some aspects of model state are represented by statecharts. Statecharts
indicate mutually exclusive states that an agent may occupy, with arrows indicating tran-
sitions between these states. Icons on statechart arrows indicate how the transition is
triggered: an envelope indicates a message, a flag indicates it is on arrival at a location,
a clock denotes a timeout, a question mark symbolizes a condition, and an exponential
curve connotes a rate.

A person will move about the community in a manner described by the statechart in
Figure Al. A person’s movements can include normal commutes, care seeking for health
conditions, and attendance at a community cultural event. A person’s health is summarized
by the health statechart, shown in Figure A2, in which they may be healthy, having no health
conditions, or unhealthy, having one or more health conditions. If a person is unhealthy, they
may seek care, at a rate of 1.0 per day, according to their care seeking probability.
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Figure A1. Screenshot of movement statechart in the person agent from the AnyLogic editor.
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Figure A2. Screenshot of the health statechart in the person agent from the AnyLogic editor.

A place agent may be contaminated or clean in terms of pathogens, as represented by
the statechart in the bottom left of Figure A3, and may pose any number of generalized
health hazards to the occupants; in the current model, this is limited to the risk of general
physical injury.
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Figure A3. Screenshot of the Place agent from the AnyLogic editor, iconography from [29].

In addition to the features common to all places, the nursing station agent features
a discrete event simulation (DES) patient flow model, shown in Figure A4. Patients arrive at
the enter block on the left and will queue at the allocateBed point until a bed and health worker
are available. A person who is waiting may leave without being seen if they wait too long.
Once a bed and health worker are assigned to the person, treatment will take a certain amount
of time, after which the health worker is free to see other patients. The person may then rest
in bed for a time before being released. People who have been released after treatment will
self-isolate at home for the duration of their illness but those who leave without being seen
will continue about their normal routine, potentially infecting more people.
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exitBalked Main
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enter exit

”— g o2
allocateBed treat releaseStaff inBed releaseBed
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Figure A4. Screenshot of patient flow logic in the nursing station agent from the AnyLogic editor,
iconography from [29].

The water source agent is general and may represent a water treatment facility, a reser-
Vvoir, or a cistern serving a single building. Two statecharts govern the state of the water
source in addition to the state variables tabulated in Table A1. The calling For Water state
applies to cisterns, which will be occasionally filled by delivery truck when their water
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level is low. The source may be clean or contaminated with a waterborne pathogen. Sources
start out clean and may be contaminated if, for cisterns, contaminated water is delivered.
Contamination status does not reset during the timeframe of the model. These statecharts

are shown in Figure A5.
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Figure A5. Screenshot of the water source agent from the AnyLogic editor, iconography from [29].

The water transport agent represents a water truck that delivers water to houses on
a truck-to-cistern system that forms part of the YQFN water distribution system. The water
delivery statechart is shown in Figure A6. The transporter will idle when no customers are
calling for water and will move to make deliveries in the order the requests are received.
The transporter has a specified capacity and will return to the filling station as required.
Should the filling station be out of water, the transporter will move to the noWater state
and wait for more water to be available.

I statechartWaterDelivery

) [ returnForRefill

returnToBase

( nextCustomer getRefill
B8
G
J

l' "
normalDelivery

idle 6

+

Figure A6. Screenshot of water delivery statechart for the water transporter agent from the AnyLogic editor.

A generalized health condition is also represented as an agent. Although it lacks
agency, this representation is convenient for allowing editing in the graphical AnyLogic
editor and ease of characterizing the dynamics and integration with other agents. The rep-
resentation is sufficiently generalized to represent many health conditions and is governed
by the statecharts shown in Figure A7. For representation of infectious diseases, a health
condition may have a pre-transmissible (latent) stage followed by a transmissible stage
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then a post-transmissible stage. While transmissible, the person will periodically expose
others around them. The health condition will move out of the post-transmissible state
after a specified delay or when the person receives the requisite treatment. If a condition
is non-communicable, as with injuries and type II diabetes, it will move directly to the
post-transmissible state. Chronic diseases will remain in the post-transmissible state per-
manently. The treatment statechart considers whether the person is currently under the
beneficial effects of a treatment, which may optionally reduce symptom severity.

~\

I statechartHealthCondition
( unhealthy I

statechartTreatment

—<

m @ finalStateHealthCondition

Figure A7. Screenshot of the health condition statecharts from the AnyLogic editor.

Appendix A.1.3. Process Overview and Scheduling

AnyLogic provides a continuous-time scheduler where events may occur at any
point on the timeline. In the case that events are scheduled at exactly the same time,
they are adjudicated in a first-in-first-out order. Time units for this model are days. The
contaminated truck and Pow Wow scenarios run for 28 days each and the mobility scenario
runs for 5 days.

Appendix A.2. Design Concepts
Appendix A.2.1. Basic Principles

This model represents the community of Yellow Quill First Nation, its people, build-
ings, and water infrastructure. Person agents are mobile and move about the community
daily. People may be afflicted with health conditions including a waterborne illness, physi-
cal injury, or type II diabetes. Movement of people about the community may be impeded
when they encounter ponded water due to flooding.
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Appendix A.2.2. Emergence

Key emergent behaviors from this model are the number of people infected with the
waterborne illness and the number treated and leaving without being seen at the nursing
station in the contaminated truck and Pow Wow scenarios. The number of people whose
movement is blocked by flood waters is the key behavior observed in the mobility scenario.

Appendix A.2.3. Adaptation

People adapt to having health conditions by seeking treatment at the nursing station
with a certain probability and modifying their routine until recovered. People whose
movement is blocked by flood waters stop and declare themselves to be blocked.

Appendix A.2.4. Sensing

The sensing process is not simulated in this model. Agents are assumed to have perfect
knowledge of the variables they consider in their decisions.

Appendix A.2.5. Interaction

Water sources may be contaminated if their parent source is contaminated, they are
refilled by a contaminated transporter, or as part of the scenario definition. People who
spend time in a place with a contaminated water source may contract the waterborne
illness. People may also spread the illness to each other when they occupy the same place.
People who seek treatment at the nursing station may leave without being seen if the wait
times are too long; wait times are determined by the number of people seeking care. People
who attempt to cross ponded flood waters will have their movement blocked.

Appendix A.2.6. Stochasticity

The model is initialized stochastically to allow for variability between runs. All
rate transitions in statecharts are computed stochastically with the rate representing the
probability per unit time of making the transition. Transmission of communicable diseases
is stochastic following a probability of transmission. AnyLogic allows for repeatable runs
by setting a fixed seed for the common pseudorandom number generator.

Appendix A.2.7. Collectives

Places in this model can be considered collectives. People inside a place may transmit
communicable disease to one another. If the place has a contaminated water source, the
people inside may contract a waterborne illness. The number of people inside a place
determine its rate of water consumption.

Appendix A.2.8. Observation

The model outputs, graphically, plots of several measures over time from the simula-
tion, shown in Figure A8. One presents the fractions of the population that are susceptible,
exposed, infectious, and recovered with respect to a waterborne illness. Current counts of
people with each health status are displayed as well as cumulative counts of people treated
at the nursing station for each status. Cumulative counts of people treated and people who
leave without being seen (LWBS) at the nursing station are also displayed.

For the mobility scenario, the model also displays the fraction of people in the general
community whose movement is blocked by flooding and the count of people unable to
seek care for type II diabetes, shown in Figure A9.
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Figure A8. Screenshot of dynamic model outputs including (a) the status of waterborne illness in
the population (proportion susceptible, exposed, infectious, recovered), (b) counts of the population
experiencing each health condition, (¢) cumulative counts of people treated or LWBS at the nursing
station, and (d) counts of people seen with each health condition at the nursing station.
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Figure A9. Screenshot of dynamic model outputs for mobility scenario including the proportion of
population whose movement is blocked (a) and counts of persons with diabetes treated, untreated,
and untreated due to movement being blocked (b).
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For Monte Carlo ensembles, the values of these outputs at the end of the simulation
for each individual realization is exported in Excel format.

Appendix A.3. Details
Appendix A.3.1. Initialization

Initialization is predominantly generic and takes place in the following order. Places
and water infrastructure are initialized, loading locations and other properties from files.
Health conditions are loaded from a file. Flooded areas are initialized by loading the
GIS polygons from a file and instantiating pond agents. The population is initialized
stochastically by drawing the person’s sex, then drawing their age from a sex-specific age
distribution, then assigning a home at random. If the person is employed in paid work, they
are also assigned a workplace at random. The water network is then set up by connecting
places and water sources. Storytellers are then set up and associated with person agents at
random. Finally, the run time is set to a scenario-specific value and the event that triggers
the start of the scenario is scheduled.

Appendix A.3.2. Input Data

The model does not use input data to represent time-varying processes.

Appendix A.3.3. Parameters

Parameters are specified using parameter objects within the AnyLogic editor. For
example, floodLevel indicates which flooding level to use to mark ponded areas, fracDia-
betics indicates the prevalence of type II diabetics requiring dialysis within the population,
numWaterTrucks indicates the number of water trucks serving the community, and popula-
tionSize is the number of people in the community. The scenario parameter indicates which
scenario is to be run. The ages of agents are drawn from a probability distribution derived
from population pyramid from 2016 (year) Census of Population, Canada [10] and sexRatio
is the ratio of the number of male to female people in the community. Some additional
parameters are used for user interface control but do not influence the simulation outcomes.
Parameters are listed in Tables 2, 3 and A2.

Additionally, some setup data are loaded from files. Locations and properties of Home,
Workplace, NursingStation, School, WaterSource, and CulturalSite agents are loaded from
a spreadsheet. The spreadsheet was generated using QGIS software [49] by locating the
structures on an air photo of YQFN and adding metadata provided by the community.
Ponded areas due to flooding are loaded from a GeoJSON file, as discussed in Appendix A.2.
HealthConditions are loaded from a file as well, to allow for specification of new conditions
without changing programming.

Table A2. Additional Model Parameters.

Parameter Default Value
numWaterTrucks 1
probability cistern contaminated by truck 1
waterUsePerPersonPerDay (cistern) 200 L/person/day [5]
waterUsePerPersonPerDay (piped) 500 L/person/day
fracDiabetics 0.02
isShowingBuildings TRUE
isShowingWaterSources TRUE
isShowingPeople TRUE
scenario FREEFORM
isUsingAltArt FALSE
isShowingLegend TRUE
iconScaleFactor 1.0
slowForAgentMovements FALSE
slowTimeScale 0.002

fastTimeScale 0.1




Water 2022, 14, 2601 29 of 30

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

Neapetung, M.; Bradford, L. Preparing for the Future—How Yellow Quill First Nation is Using Indigenous Knowl-
edge and Science to Mitigate the Risk of Flooding. Indigenous CLimate Hub, 12 August 2019. Available online:
https:/ /indigenousclimatehub.ca/2019/08/preparing-for-the-future-how-yellow-quill-first-nation-is-using-indigenous-
knowledge-and-science-to-mitigate-the-risk-of-flooding/ (accessed on 28 October 2021).

Penno, W.; Félio, G.; Morris, R. Climate Change Impacts on Yellow Quill First Nation Infrastructure. Stantec, 3 December 2019.
Available online: https:/ /pievc.ca/wp-content/uploads /2021 /03 /Stantect- Yellow-Quill-First-Nation-Dec-2019.pdf (accessed
on 28 October 2021).

Jung, J.; Skinner, K. Enteric Disease Outbreaks: Foodborne and Waterborne Illness Among Canadian Indigenous Population:
A Scoping Review. Can. Commun. Dis. Rep. 2017, 43, 7. [CrossRef] [PubMed]

Johnson, D.; Parsons, M.; Fisher, K. Engaging Indigenous Perspectives on Health, Wellbeing, and Climate Change. A New
Research Agenda for Holistic Climate Action in Aotearoa and Beyond. Local Environ. 2021, 26, 477-503. [CrossRef]

Whitney, C.K,; Frid, A.; Edgar, B.K.; Walkus, J.; Siwallace, P.; Siwallace, I.L.; Ban, N.C. Like the plains people losing the buffalo:
Perceptions of climate change impacts, fisheries management, and adaptation actions by Indigenous peoples in coastal British
Columbia, Canada. Ecol. Soc. 2020, 4, 33. [CrossRef]

Koutiva, I.; Makropoulos, C. Exploring the Effects of Alternative Water Demand Management Strategies Using an Agent-Based
Model. Water 2019, 11, 2216. [CrossRef]

Kadinski, L.; Ostfeld, A. Incorporation of COVID-19-Inspired Behaviour into Agent-Based Modelling for Water Distribution
Systems’ Contamination Responses. Water 2021, 13, 2863. [CrossRef]

Bradford, L.; Waldner, C.; McLaughlin, K.; Zagozewski, R.; Bharadwaj, L. A Mixed-Method Examination of Risk Factors in the
Truck-toCistern Drinking Water System on the Beardy’s and Okemasis First Nation Reserve. Can. Water Resour. |. Rev. Can. Des.
Ressour. Hydr. 2018, 43, 383-400. [CrossRef]

Wylie, L.; McConkey, S.; Corrado, A.M. Colonial Legacies and Collaborative Action: Improving Indigenous Peoples” Health Care
in Canada. Int. Indig. Policy J. 2019, 10, 5. [CrossRef]

Lavoi, J.G.; Forget, E.L.; Browne, A.J]. Caught at the Crossroad: First Nations, Health Care, and the Legacy of the Indian Act.
Pimatisiwin A ]. Aborig. Indig. Community 2010, 8, 83-100.

Basco-Carrera, L.; Warren, A.; van Beek, E.; Jonoski, A.; Giardino, A. Collaborative Modelling or Participatory Modelling?
A Framework for Water Resources Management. Environ. Model. Softw. 2017, 91, 95-110. [CrossRef]

Jordan, R.; Gray, S.; Zellner, M.; Glynn, P.D.; Voinov, A.; Hedelin, B.; Sterling, E.].; Leong, K.; Olabisi, L.S.; Hubacek, K.; et al.
Twelve Questions for the Participatory Modeling Community. Earth’s Future 2018, 6, 1046-1057. [CrossRef]

Katapally, T.R. The SMART Framework: Integration of Citizen Science, Community-based Participatory Research, and Systems
Science for Population Health Science in the Digital Age. JMIR Mhealth Uhealth 2019, 7, €14056. [CrossRef] [PubMed]
Gonzalez-Méndez, M.; Olaya, C.; Fasolino, I.; Grimaldi, M.; Obregén, N. Agent-based Modeling for Urban Development Planning
Based on Human Needs: Conceptual Basis and Model Formulation. Land Use Policy 2021, 101, 105110. [CrossRef]

Godfrey, T. Domain-Specific Modelling Languages for Participatory Agent-Based Modelling in Healthcare. In Proceedings of the
ACM/IEEE International Conference on Model Driven Engineering Languages and Systems Companion (MODELS-C), Fukuoka,
Japan, 10-15 October 2021.

Bonabeau, E. Agent-Based Modeling: Methods and Techniques for Simulating Human Systems. Proc. Natl. Acad. Sci. USA 2002,
99, 7280-7287. [CrossRef] [PubMed]

Railsback, S.; Grimm, V. Agent-Based and Individual-Based Modeling: A Practical Introduction; Princeton University Press: Princeton,
NJ, USA, 2012.

Osgood, N. Representing Heterogeneity in Complex Feedback Systems Modeling: Computational Resource and Error Scaling. In
Proceedings of the 22nd International Conference of the System Dynamics Society, Oxford, UK, 25-29 July 2004.

Osgood, N. Representing Progression and Interactions of Comorbidities in Aggregate and INdividual-Based Systems Models. In
Proceedings of the 27th International Conference of the System Dynamics Society, Albuquerque, NM, USA, 26-30 July 2009.
Tuite, A.R.; Gallant, V;; Randell, E.; Bourgeois, A.C.; Greer, A.L. Stochastic Agent-Based Modeling of Tuberculosis in Canadian
Indigenous Communities. BMC Public Health 2017, 17, 73. [CrossRef] [PubMed]

Iwamura, T.; Lambin, E.F; Silvius, K.M.; Luzar, J.B.; Fragosos, ].M. Agent-Based Modeling of Hunting and Subsistence Agriculture
on Indigenous Lands: Understanding Iteractions Between Social and Ecological. Environ. Model. Softw. 2014, 58, 109-127.
[CrossRef]

Adams, S.; Rhodes, T.; Lancaster, K. New Directions for Participatory Modelling in Health: Redistributing Expertise in Relation to
Localised Matters of Concern. Glob. Public Health 2021. [CrossRef]

Voinov, A.; Bousquet, F. Modelling with Stakeholders. Environ. Model. Softw. 2010, 25, 1268-1281. [CrossRef]

Karnon, J.; Stahl, J.; Brennan, A.; Caro, ].J.; Mar, ].; Méller, . Modeling Using Discrete Event Simulation. Med. Decis. Mak. 2012, 32,
701-711. [CrossRef]

Marshall, D.A.; Burgos-Liz, L.; [jzerman, M.].; Crown, W.; Padula, W.V.; Wong, PK.; Pasupathy, K.S.; Higashi, M.K.; Osgood, N.D.
Selecting a Dynamic Simulation Modeling Method for Health Care Delivery Research—Part 2: Report of the ISPOR Dynamic
Simulation Modeling Emerging Good Practices Task Force. Value Health 2015, 18, 147-160. [CrossRef]


https://indigenousclimatehub.ca/2019/08/preparing-for-the-future-how-yellow-quill-first-nation-is-using-indigenous-knowledge-and-science-to-mitigate-the-risk-of-flooding/
https://indigenousclimatehub.ca/2019/08/preparing-for-the-future-how-yellow-quill-first-nation-is-using-indigenous-knowledge-and-science-to-mitigate-the-risk-of-flooding/
https://pievc.ca/wp-content/uploads/2021/03/Stantect-Yellow-Quill-First-Nation-Dec-2019.pdf
http://doi.org/10.14745/ccdr.v43i01a02
http://www.ncbi.nlm.nih.gov/pubmed/29770041
http://doi.org/10.1080/13549839.2021.1901266
http://doi.org/10.5751/ES-12027-250433
http://doi.org/10.3390/w11112216
http://doi.org/10.3390/w13202863
http://doi.org/10.1080/07011784.2018.1474139
http://doi.org/10.18584/iipj.2019.10.5.9340
http://doi.org/10.1016/j.envsoft.2017.01.014
http://doi.org/10.1029/2018EF000841
http://doi.org/10.2196/14056
http://www.ncbi.nlm.nih.gov/pubmed/31471963
http://doi.org/10.1016/j.landusepol.2020.105110
http://doi.org/10.1073/pnas.082080899
http://www.ncbi.nlm.nih.gov/pubmed/12011407
http://doi.org/10.1186/s12889-016-3996-7
http://www.ncbi.nlm.nih.gov/pubmed/28086846
http://doi.org/10.1016/j.envsoft.2014.03.008
http://doi.org/10.1080/17441692.2021.1998575
http://doi.org/10.1016/j.envsoft.2010.03.007
http://doi.org/10.1177/0272989X12455462
http://doi.org/10.1016/j.jval.2015.01.006

Water 2022, 14, 2601 30 of 30

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Neapetung, M.; Bradford, L.; Bharadwaj, L. Spirit, Safety, and a Stand-off: The Research Creation Process and its Roles in
Relationality and Reconciliation among Researchers and Indigenous Co-Learners in Saskatchewan, Canada. Engaged Sch. ].
Community-Engaged Res. Teach. Learn. 2019, 5, 37-60. [CrossRef]

Bradford, L.; Zagozewski, R.; Bharadwaj, L. Perspectives of Water and Health Using Photovoice with Youths Living on Reserve.
Can. Geogr. Le Géographe Can. 2017, 61, 178-195. [CrossRef]

Bradford, L.E.; Ovsenek, N.; Bharadwaj, L.A. Indigenizing Water Governance in Canada. In Water Policy and Governance in Canada;
Springer: Cham, Switzerland, 2017; pp. 269-298.

The AnyLogic Company. AnyLogic. 2020. Available online: https://www.anylogic.com (accessed on 18 November 2020).
Oracle. Java. 2020. Available online: https:/ /www.java.com (accessed on 18 November 2020).

Bradford, L.E.; Chun, K.P; Bonli, R.; Strickert, G. Does Engagement Build Empathy for Shared Water Resources? Results from the
Use of the Interpersonal Reactivity Index during a Mobile Water Allocation Experimental Decision Laboratory. Water 2019, 11, 1259.
[CrossRef]

Akhbari, M.; Grigg, N.S. A Framework for an Agent-Based Model to Manage Water Resources Conflicts. Water Resour. Manag.
2013, 27, 4039-4052. [CrossRef]

Farenhorst, A.; Li, R.; Jahan, M.; Tun, M.; Mi, R.; Amarakoon, I.; Kumar, A.; Khafipour, E. Bacteria in Drinking Water Sources of
a First Nation Reserve in Canada. Sci. Total Environ. 2017, 575, 813-819. [CrossRef]

Fernando, D.; Tun, H.; Poole, J.; Patidar, R.; Li, R.; Mi, R.; Amarawansha, G.; Fernando, W.; Khafipour, E.; Farenhorst, A.; et al.
Detection of Antibiotic Resistant Genes in Source and Drinking Water Samples from a First Nations Community in Canada. Appl.
Environ. Microbiol. 2016, 82, 4767-4775. [CrossRef] [PubMed]

OpenStreetMap Foundation. Open Street Map. 2022. Available online: https://www.openstreetmap.org. (accessed on 16 May 2022).
Pomeroy, J.; Shook, K.; Fang, X.; Dumanski, S.; Westbrook, C.; Brown, T. Improving and Testing the Prarie Hydrological Model at
Smith Creek Research Basin. 2014. Available online: https://www.usask.ca/hydrology-old/papers/Pomeroy_et_al_2014.pdf
(accessed on 7 December 2020).

Centre for Hydrology. WDPM: The Wetland DEM Ponding Model. 2014. Available online: https:/ /research-groups.usask.ca/
hydrology/modelling /wdpm.php (accessed on 8 December 2020).

Jacklin, K M.; Henderson, R.I.; Green, M.E.; Walker, L.M.; Calam, B.; Crowshoe, L.J. Health care experiences of Indigenous people
living with type 2 diabetes in Canada. Can. Med. Assoc. |. 2017, 189, E106-E112. [CrossRef]

Bjernstad, O.N.; Shea, K.; Krzywinski, M.; Altman, N. The SEIRS Model for Infectious Disease Dynamics. Nat. Methods 2020, 17,
557-558. [CrossRef]

Statistics Canada. Data Products, 2016 Census. Government of Canada. 8 February 2021. Available online: https://www12.
statcan.gc.ca/census-recensement/2016/dp-pd/index-eng.cfm (accessed on 11 June 2021).

Amarawasha, G.E.; Zvomuya, F; Farenhorst, A. Water Delivery System Effects on Coliform Bacteria in Tap Water in First Nations
Reserves in Manitoba, Canada. Environ. Monit. Assess. 2021, 193, 339. [CrossRef]

O’Gorman, M. Mental and Physical Health Impacts of Water /Sanitation Infrastructure in First Nations Communities in Canada:
An Analysis of the Regional Health Survey. World Dev. 2021, 145, 105517. [CrossRef]

Gora, S.L.; Soucie, T.A.; McCormick, N.E.; Ontiveros, C.C.; LHérault, V.; Gavin, M.; Trueman, B.F,; Campbell, J.; Stoddart, A K,;
Gagnon, G.A. Microbiological Water Quality in a Decentralized Arctic Drinking Water System. Environ. Sci. Water Res. Technol.
2020, 6, 1855-1868. [CrossRef]

Shapiro, G.D.; Sheppard, A.].; Mashford-Pringle, A.; Bushnik, T.; Kramer, M.S.; Kaufman, J.S.; Yang, S. Housing Conditions and
Adverse Birth Outcomes Among Indigenous People in Canada. Can. J. Public Health 2021, 112, 903-911. [CrossRef] [PubMed]
Moffatt, J.; Long, R.; Mayan, M. Taking Care of Our Own: The Multifaceted Relationship Between On-reserve Housing and
Tuberculosis Occurrence. Pimatisiwin A J. Aborig. Indig. Community Health 2013, 11, 555.

Cioffi-Revilla, C. Comparing Agent-based Computational Simulation Models in Cross-cultural Research. Cross-Cult. Res. 2011, 45,
208-230. [CrossRef]

Grimm, V.; Berger, U.; DeAngelis, D.L.; Polhill, G.; Giske, J.; Railsback, S.F. The ODD Protocol: A review and first update. Ecol.
Modeling 2010, 221, 2760-2768. [CrossRef]

Grimm, V.; Railsback, S.F.; Vincenot, C.E.; Berger, U.; Gallagher, C.; DeAngelis, D.L.; Edmonds, B.; Ge, ].; Giske, J.; Groeneveld,
J.; et al. The ODD Protocol for Describing Agent-Based and Other Simulation Models: A Second Update to Improve Clarity,
Replication, and Structural Realism. J. Artif. Soc. Soc. Simul. 2020, 23, 2. [CrossRef]

QGIS Association. QGIS Geographic InformationSystem. 2022. Available online: https://www.qgis.org. (accessed on 16 May 2022).


http://doi.org/10.15402/esj.v5i2.68334
http://doi.org/10.1111/cag.12331
https://www.anylogic.com
https://www.java.com
http://doi.org/10.3390/w11061259
http://doi.org/10.1007/s11269-013-0394-0
http://doi.org/10.1016/j.scitotenv.2016.09.138
http://doi.org/10.1128/AEM.00798-16
http://www.ncbi.nlm.nih.gov/pubmed/27235436
https://www.openstreetmap.org.
https://www.usask.ca/hydrology-old/papers/Pomeroy_et_al_2014.pdf
https://research-groups.usask.ca/hydrology/modelling/wdpm.php
https://research-groups.usask.ca/hydrology/modelling/wdpm.php
http://doi.org/10.1503/cmaj.161098
http://doi.org/10.1038/s41592-020-0856-2
https://www12.statcan.gc.ca/census-recensement/2016/dp-pd/index-eng.cfm
https://www12.statcan.gc.ca/census-recensement/2016/dp-pd/index-eng.cfm
http://doi.org/10.1007/s10661-021-09114-x
http://doi.org/10.1016/j.worlddev.2021.105517
http://doi.org/10.1039/D0EW00019A
http://doi.org/10.17269/s41997-021-00527-2
http://www.ncbi.nlm.nih.gov/pubmed/34037966
http://doi.org/10.1177/1069397110393894
http://doi.org/10.1016/j.ecolmodel.2010.08.019
http://doi.org/10.18564/jasss.4259
https://www.qgis.org.

	Introduction 
	Land Acknowledgement and Positionality Statement 
	Context 
	Agent-Based Modeling 
	Discrete Event Simulation 
	System Dynamics Modeling 
	Objectives 

	Materials and Methods 
	Ethics 
	Community Engagement 
	Simulation Model 
	Model Purpose and Scope 
	Agents 
	GIS Environment 
	Flooding 
	Health Conditions 

	Scenarios and Parameterization 
	Scenarios 
	Parameters 

	Outcome Measures 
	Experiments 

	Results 
	Contaminated Truck Scenario 
	Model Outcomes 
	Ensemble Results 

	Pow Wow Scenario 
	Model Outcomes 
	Ensemble Results 

	Mobility Impacts from Flooding Scenario 
	Model Outcomes 
	Ensemble Results 


	Discussion 
	Conclusions 
	Appendix A
	Objectives 
	Purpose 
	Entities, State Variable, and Scales 
	Process Overview and Scheduling 

	Design Concepts 
	Basic Principles 
	Emergence 
	Adaptation 
	Sensing 
	Interaction 
	Stochasticity 
	Collectives 
	Observation 

	Details 
	Initialization 
	Input Data 
	Parameters 


	References

