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Applications of Agent-Based Modelling Techniques
to Studies of Historical Epidemics: The 1918 Flu
in Newfoundland and Labrador

JESSICA DIMKA, CAROLYN ORBANN, AND
LISA SATTENSPIEL*

Abstract

The purpose of this article is twofold. First, the study addyesses questions
velated to the spread and impact of the 1918 influenza pandemic in
a small Newfoundland community, focusing on the role of large social
institutions including an orphanage, school, and churches. Records indi-
cate, for example, that residents of the orphanage in St. Anthony, our
study community, experienced an increased risk of infection at different
times during the epidemic than did members of the general community.
Further, archival sources show that a variety of public health measures
including closure of public gathering spaces were implemented throughout
Newfoundland, but evidence suggests that the success of these measures
varied. Second, this paper presents an argument for the important role
computer simulation models can play in historical rvesearch, which is
demonstrated wusing results from simulations focusing on social, demo-
graphic, and cultural factors, including behaviours and interactions of
community residents. 'These examples highlight how modelling techniques
can be used in historical vesearch to address gaps in archival sources and
help dirvect future research paths, and to test counterfactual scenarios to
identify important factors influencing observed outcomes.

Résumé

Lobjectif du présent article est double. D’une part, il traite de questions
liées a la propagation et a l'incidence de la pandémie de grippe de 1918
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dans une petite collectivité de Terve-Nenve. 11 s’attarde au rile des grandes
institutions sociales, y compris ovphelinat, 'école et les églises. Des sources
indiquent, par exemple, que les vésidents de l'orphelinat de St. Anthony,
agglomération a I'étude, ont été exposés a des visques plus grands que les
membres de la collectivité en généval a divers moments de I'épidémie. Qui
plus est, les archives vévelent que différentes mesures de santé publique, y
compris la fermeture des lieux de rassemblement, ont été mises en cenvre
dans tout ‘lerre-Neuve, mais des données suggerent que ces mesuves n’ont
pas connu le méme succes partout. D’autre part, l'article soutient I'impor-
tance des modeles de simulation informatisés pour la recherche en histoire.
Pour ce faire, il utilise les vésultats de simulations articulées autour de
Jacteurs sociaux, démographiques et culturels, y compris le comportement
des vésidents de la collectivité et leurs interactions. Ces exemples mettent
en lumiere comment les techniques de modélisation servent a la recherche
en histoire pour combler les lacunes des sources archivistiques et orienter
les recherches futures ainsi que pour tester des scénarios contrefactuels afin
de dégager des facteurs importants qui agissent sur les vésultats observés.

Although the impact of past infectious disease epidemics and
pandemics (worldwide epidemics) has long been an interest
of historians,! present-day concerns regarding emerging and
re-emerging infectious diseases, bioterrorism, and the potential
for rapid global spread of disease have spurred new research on
historical epidemics, particularly the 1918 influenza pandemic.
Like most infectious disease epidemics, the 1918 flu influenced
and was influenced by numerous political, economic, geographic,
social, and cultural factors. These factors operate at multiple lev-
els ranging from individual and local to institutional and global.
Historical analyses have led to better understanding of the con-
text surrounding epidemics, resulting in a richness of insights that
extend far beyond the statistical analyses of morbidity and mor-
tality data that are common methods used by epidemiologists.
The study of historical epidemics presents an opportunity
to engage in another increasingly popular research trend, the
application of computer simulation models. As modelling soft-
ware and digitized records become more available, historians
must consider the current and future role of technology in pres-
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ervation, collection, analysis, and interpretation of archival and
other data. In a recent essay, John Bonnett® observes that “his-
torians don’t like computers much” as he encourages colleagues
to instead embrace computing approaches in their research and
education activities. Effectively using computer applications pro-
vides benefits such as improved critical evaluation of sources and
handling gaps in primary source data. These and other benefits
of computer modelling have become increasingly recognized in
many disciplines, including fields interested in historical and con-
temporary epidemics. In particular, computer simulation has been
used to enhance understanding of how complex factors interact
and contribute to systemic processes and observed outcomes.

In order for a computer simulation to be useful, how-
ever, both its overall structure and the values chosen for model
parameters must be grounded in reality. When dealing with past
epidemics, this knowledge can only come from analysis of ethno-
graphic and archival materials. Thus, an essential first step in the
development of a computer model for an historical event is an
analysis of available archival data that inform about the nature
of the population and events being modelled. Once a suitably
grounded model has been developed and tested, it can then be
used to supplement other types of historical methods in the eval-
uation and assessment of specific factors identified as potential
explanations for outcomes observed in the historic record.

We present here an illustration of how historical analysis is
used in the design of a computer simulation of the spread of the
1918 influenza pandemic in a small community on the island of
Newfoundland and how, in turn, results of model simulations help
us understand the real and potential impacts of the pandemic on
the study community. We first provide a brief overview of find-
ings from archival, ethnographic, and historical sources on the
characteristics of both the pandemic and early twentieth-century
Newfoundland and Labrador that were used to build the model,
followed by a description of the model itself. We then show how
the model can be used to address two specific questions related to
the role of social institutions on the spread of the disease: 1) the
potential influence of an orphanage in the study community on
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epidemic patterns of spread, and 2) the impact of public health
measures, including the closing of public gathering places, that
were implemented in different communities within the Dominion
in an attempt to control the spread of the pandemic.

The 1918 Influenza Pandemic

The 1918 influenza pandemic resulted in as many as 50-100
million deaths worldwide, including about 55,000 Canadians
and 675,000 Americans.” A recent comprehensive study esti-
mated total worldwide mortality to be 2.5-5.0 deaths per 1,000
people.* However, mortality during the pandemic varied widely,
with very few deaths in some locations compared to over 90 per-
cent mortality in other affected areas, as was the case in some
isolated villages in Labrador and Alaska.’

The pandemic generally occurred in three waves. The first
broadly recognized wave occurred in the spring and summer of
1918 and was relatively mild, resulting in many cases but rel-
atively few deaths. The majority of deaths occurred during the
more severe second wave, which began in autumn 1918. The
third global wave took place in early 1919 and was also mild.
Some areas also experienced a small “echo” wave in 1920, while
outbreaks of a flu-like illness in 1916 and 1917 may have been
early cases.®

Many factors contributed to the worldwide spread of the
pandemic. One major influence on global spread was troop move-
ment and related activities during World War I.” For example,
Mark Osborne Humphries® has demonstrated that the introduc-
tion and spread of the disease in Canada was a direct consequence
of the war effort, even at the expense of public health concerns.
Contrary to previous views that the pandemic was brought home
by returning soldiers, evidence suggests it was actually brought
in by soldiers from the United States on the way to Europe and
then disseminated westward by the mobilization of the Siberian
Expeditionary Force. At a more local level, factors contributing to
the spread of disease likely included demographic characteristics
and daily activities of the population, as well as access to health
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care and other resources. Public health interventions varied and
included closing schools and churches, prohibiting public events,
the compulsory wearing of masks, quarantines, and vaccines
which, considering the exact cause of influenza was unknown at
the time, were of questionable value.” These interventions varied
in effectiveness and rates of compliance or enforcement; in many
cases, they failed to stop the spread of disease.

A well-known characteristic of the pandemic was its
W-shaped age-specific mortality pattern. During typical seasonal
epidemics, mortality rates are highest in the very young and very
old age classes, producing a U-shaped mortality curve. These age
groups were still most likely to die during the 1918 flu, but death
rates among young adults were higher than typically expected.'
Outcomes also varied with other characteristics of affected indi-
viduals, including proximity to urban areas, access to health care,
sex, and preexisting conditions such as tuberculosis."'

Research into the pandemic by Canadian historians has
exemplified what Howard Phillips'? termed “second-wave” his-
toriography of the 1918 flu, focusing on social factors such as
gender and class to provide a deeper, multidisciplinary under-
standing of the complex factors and outcomes of the disease. For
example, some researchers have examined the role of the pan-
demic on the development of city and provincial public health
departments,” while others have considered the impact of the
pandemic, as well as the war and other catastrophic events, on
the legitimization of the nursing profession, often by analyzing
gender-related images and perceptions of the traditionally female
occupation.'® Additionally, historians have challenged the claim
that the disease was equally likely to affect all members of society
by exploring the disproportionate burden, in terms of morbid-
ity, mortality, and consequences such as loss of wages or costs
of funerals, suffered by more vulnerable populations, including
First Nations communities, immigrants, and members of lower
socioeconomic status, in Canadian experiences of the pandemic.”
In their recent edited collection, Magda Fahrni and Esyllle W.
Jones'® bring together research that addresses similar questions
about social and cultural impacts of the pandemic across Canada,
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and in their introduction they highlight areas where additional
research is needed, such as environmental studies.!” Although
Newfoundland and Labrador was not part of Canada at the time
of the pandemic, it was linked to its future country in many
ways, e.g., socially, economically, and geographically. The work
presented here contributes to the understanding of the pan-
demic’s influence on the development and history of Canada by
investigating the disease experience in a region relatively under-
studied in Canadian historiography of the pandemic.

The Flu in Newfoundland and Labrador

Newfoundland and Labrador, then an independent dominion
within the British Commonwealth, was hit hard by the pandemic,
with the highest mortality rates occurring among Labrador pop-
ulations.'® Provincial records list 1,885 deaths from influenza,
pneumonia, and/or related causes during the pandemic on the
island of Newfoundland, giving an average mortality rate of
about 74.5 per 10,000 people. At the district level, mortality
rates were highly variable, ranging from 28.6 to 109.3 deaths
per 10,000 people. Proximity to resources in more populated
areas may partially explain this variation, as case fatality rate
estimates are lowest in the Avalon Peninsula near St. John’s and
increase the farther away the district is from the capital city."”
Like other areas around the world, the island of New-
foundland experienced three waves of influenza, although they
occurred generally later than the global waves noted by most
researchers. Mortality records indicate the first, mild wave lasted
from approximately 1 May to 31 July 1918. The second wave
occurred approximately 10 September 1918 to 5 June 1919. It
was bimodal and severe, with the majority of the deaths occur-
ring during this period. The third wave was again rather mild
and did not reach the island until the spring of 1920.%
Newfoundland and Labrador government and business lead-
ers employed numerous measures in attempts to reduce or stop
the pandemic. For example, advertisements in 1919 warned that
individuals recently recovered from the flu would not be cleared
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by doctors to join sealing crews.”’ However, these efforts were
typically concentrated in St. John’s and were variably enforced.
For instance, although ships with sick sailors were quarantined in
St. John’s, no official actions were taken to hinder regular ship-
ping activities.”” Additionally, while newspaper notices indicated
that all places of public gathering should be closed, correspon-
dence with the Colonial Secretary’s office clarified that these
notices were only applicable to the city of St. John’s, and magis-
trates in other communities were responsible for issuing similar
orders if illness struck.”? At least one community, Greenspond
(in Bonavista Bay), reported that “Advent services were all lost”
to the pandemic, though it is unclear if this loss was a result of
proactive or preventive closure, or required cancellation, or low
attendance due to illness.?* Generally speaking, it is unclear from
the historic record how consistently public health interventions
were implemented and followed across Newfoundland, espe-
cially outside of St. John’s, or how successful these actions were
in mitigating the pandemic’s impact.

Life in Early Twentieth-Century Newfoundland

The computer simulation described below is based on a detailed
understanding of the structure of Newfoundland communities
and the daily patterns of social interaction in these communities.
In this section, we describe essential features that have informed
model structures.

By the time of the pandemic, the population of Newfound-
land and Labrador was about 255,000 people. About 4,000
people lived in Labrador, and about 40 percent of the remainder
lived in or near St. John’s. The rest of the population was mostly
distributed among small villages along the coast, known as out-
ports, which were geographically isolated and often were home
to only a small number of families.”

This settlement pattern reflected the economic and sub-
sistence emphasis on marine resources, which also influenced
organizational patterns observed within outports, especially prior
to the 1949 Confederation with Canada. Fishing crews were
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small and typically consisted of fathers, sons, and brothers; thus,
families tended to settle patrilocally.”® Families usually lived in
nuclear households, although young couples and their offspring
often lived with the husband’s parents for some time after mar-
riage before relocating to independent dwellings nearby.?’

Families shared in labour and responsibilities, with women
and children frequently assisting in shore crews processing
catches, and most family members contributed to household
income in some ways. Women’s activities in shore crews and
other areas were estimated to bring in at least half of the family
income.” Ethnographic and historical literature also highlight
the importance of visiting among households and involvement
in community and service organizations. In general, multiple
sources suggest residents in small outports were highly con-
nected, somewhat egalitarian, and organized strongly around
kinship, crew, and institutions such as churches.?”

During the first half of the twentieth century, the economic
base, level of social services, and general conditions of health in
Newfoundland and Labrador were much poorer than those of con-
temporaneous countries elsewhere in Western Europe and North
America.”® Outside of the Avalon Peninsula in the eastern part of
the island, where St. John’s is located, roads and railroads were
nearly nonexistent, except in the immediate vicinity of larger
towns (Figure 1). High levels of poverty were omnipresent, with
about one-third of the population dependent on public relief,’! and
there was a lack of running water in St. John’s and many outports
until well into the 1960s.?? The majority of deaths were attributed
to infectious diseases until the second half of the twentieth century.
Tuberculosis was a particular problem; rates in the Dominion in
1939 were higher than “any other portion of the British Empire
inhabited by white people”.>> Nutritional deficiencies were also a
chronic problem until the mid-twentieth century.** Even in the
mid-1940s, it was common for rural residents to have no food
available at winter’s end other than black tea, homemade bread,
and jam or molasses.”” Medical facilities were also inadequate in
the St. John’s region and poor to non-existent elsewhere (other
than our study community of St. Anthony — see below).
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Figure 1. Map of Newfoundland showing location of roads, railroads, and
district boundaries (district names in all capital letters) on the island in 1949.
Note St. Anthony at the tip of the Northern Peninsula and St. John’s on the
northeastern edge of the Avalon Peninsula.

Nonetheless, throughout the first half of the twentieth
century, the government and local volunteers repeatedly imple-
mented measures designed to improve the health and welfare of
the residents, including construction of hospitals and clinics, better
training of nurses, education programs for mothers, improvements
in sanitation and sewer services, and expansion of efforts towards
tuberculosis control.>®* Owing to the overall low socioeconomic base
of the Dominion, however, truly significant improvements did not
take full hold until after Confederation with Canada in 1949.
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The Study Community: St. Anthony

The computer simulation used in this research is designed to
approximate a single Newfoundland outport at the time of the
1918 influenza pandemic. The community of St. Anthony (Fig-
ure 1) was chosen for this purpose. The community was large
enough to include individuals of all ages and a variety of different
occupations, but small enough that sufficient runs of the sim-
ulation can be done in a manageable amount of time. In order
to make the model population realistic, specific demographic
characteristics of the agents, such as age, sex, and occupation,
were taken from the 1921 census listing for St. Anthony,”” which
indicates a community of 503 individuals, distributed into 84
dwellings and an orphanage.

A second reason for the choice of St. Anthony as the study
community is that it was the home base of Wilfred Grenfell, a
British doctor who, in the early 1890s, founded a prominent med-
ical mission, the Grenfell Mission (later the International Grenfell
Association). The mission provided health care and other services
to residents of northern Newfoundland and parts of Labrador,
and continues to do so today. The mission constructed several
hospitals in Labrador as well as a hospital and an orphanage in
St. Anthony, and recruited doctors and nurses primarily from
the United States and the United Kingdom to serve the com-
munity and other outports. These doctors and nurses spent their
summers on ships that travelled along the coasts of Labrador and
northern Newfoundland providing health care to the thousands
of fishermen that came to the area from all over the world. Med-
ical personnel who stayed in the region after the fishing season
continued to provide health care during the harsh winters.”® As
a charitable organization, the International Grenfell Association
kept detailed records of their activities, including a local journal,
Among the Deep Sea Fishers, that was published quarterly from 1903
to 1981.” Information from these and other archival sources were
used to develop realistic scenarios of daily life in the simulations.

Although Newfoundland and Labrador as a whole was hit very
hard by the 1918 pandemic, archival sources suggest that the town
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of St. Anthony largely escaped the second and most severe wave.
Hospital records indicate that, while 26 people were treated at
the hospital throughout the epidemic and eight patients died,
only about one-third of these cases occurred during the second
wave. In addition, the first wave cases were residents of nearly
a dozen different communities who travelled to the hospital
for treatment, suggesting that the outbreak was widespread in
the region.”® Influenza was definitely present during the second
wave, however; an outbreak occurred in the St. Anthony orphan-
age where records indicate that 34 of the 37 children fell ill and
one died."!

It is not clear why St. Anthony (and the Northern Peninsula
in general) escaped the severe second wave that ravaged most of
the rest of the island. Analyses have focused on the role of prior
immunity, a stoppage in regular boat traffic because of flu fur-
ther south, and possible interactions between influenza and one
or more other pathogens, but a definitive answer has not been
forthcoming.® It is also difficult to determine why the orphan
children were affected so severely during the second wave, given
the likely widespread prevalence of influenza in the St. Anthony
region during the first wave. Entrance dates for orphan children
indicate the vast majority had been admitted prior to the first
wave, making it unlikely both that these children escaped prior
exposure to the flu during the first wave and that the outbreak
was due to the introduction of the disease by a newly orphaned
child.®* We illustrate below how our model may help to shed
light on how these patterns may have arisen.

The St. Anthony Computer Simulation Model

To test hypotheses related to the spread of the pandemic in St.
Anthony and similar communities, a computer simulation model
has been developed. Models, in a broad sense, provide frameworks
for identifying essential components of a system or process under
study and can be used to explore how variation in those compo-
nents affects outcomes. Agent-based models are being used more
commonly to create this kind of framework. Such models explic-
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itly consider a system or process within or produced by a group
of discrete units or agents (e.g., individual organisms, households,
or communities). These models often include stochasticity (ran-
domness) and can incorporate as much data as desired, such as
population movements, climate data, or geographic coordinates.
Thus, agent-based models tend to be complex and computation-
ally expensive to simulate compared to other types of models.

Though the use of simulation is not common among histori-
ans, calls for increased use of these methods have intensified over
the past quarter-century.** Currently, historical simulations are
most common in the realm of military history, where war games
are formalized into Monte Carlo simulations and other quantitative
approaches® which, in most cases, are not agent-based models.*
Further, the use of historical models to teach history has been a
topic of recent interest, as models are developed into game-like
applications that can be easily deployed in classroom settings.?’

Models are particularly well suited to addressing interdisci-
plinary research questions. Examples include disease simulations
of historical epidemics (such as the one described in this paper),
models that address the transmission of knowledge and cultural
behaviours within and between communities, and models that look
at how mating or marriage patterns affect long-term population
attributes.® In addition, quantitative social scientists interested
in studying cultural processes have used models to address the
potential outcomes of social policy or the ways that interpersonal
communication plays a role in population-level behaviours.*’

The model used here is described in some detail to illus-
trate how archival sources can be drawn upon to devise the
structure and estimate necessary parameters for a computer sim-
ulation model. A variety of sources, including census data and
parish records, photographs, and journals, have been mined for
insight into the study community. Nonetheless, it is important
to note that, while data from the town of St. Anthony are used
to develop the model, the purpose of these data is to ensure that
model structure and the values given to model parameters are as
realistic as possible and can be used to test general hypotheses
related to epidemic spread in similar communities, in this case
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small, kin-based villages. The aim of the model is not to repro-
duce the specific experience of St. Anthony during the pandemic.

The visualization of the St. Anthony model is a grid upon
which important buildings and social spaces, represented as rect-
angular blocks of cells, are placed: these buildings include 84
dwellings, a school, two churches, a hospital, an orphanage, and
numerous fishing boats (Figure 2). Institutions such as hospi-

Figure 2. Visualization of the modelled community, indicating dwellings, boats,
and several institutions known to exist in the study community at the time
of the pandemic. Agents, represented as circles, are placed in their assigned
dwellings upon initialization of the model. During the course of a simulation,
agents move, often with some probability, to cells within desired destinations
based on various rules of behaviour. In the current model, interactions in the
hospital among medical personnel and/or patients are not considered.
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tals and orphanages were rare in most outports but were known
to exist in St. Anthony because of the Grenfell Mission; thus,
we have included them in our model. Because research ques-
tions focus on interactions within social spaces rather than between
them (such as encounters walking along roads), the locations and
proximity of buildings to each other do not reflect geographical
reality. However, size and density of buildings aim to reproduce
realistic conditions. For example, photographs of the orphanage
indicate it was a very large building relative to the number of
residents, so it is modelled as a large, loosely packed structure.

When a simulation is initialized, individual agents are dis-
tributed into their assigned dwellings. Because these assignments
correspond to nominal census data, the model population reflects
a realistic historical community in terms of age and sex structure,
family size and household distributions, and occupations. As the
simulation proceeds, agents “teleport” to desired destinations,
disappearing from the previous location and reappearing in the
new location each time tick. Whenever a susceptible or infec-
tious agent moves, it checks to see if it has any neighbours with
the appropriate disease state to allow transmission, which hap-
pens with an assigned probability.

Like most models in epidemiology, the model used in these
analyses incorporates an SEIR epidemic process that governs
transmission among individuals in the model environment.
The SEIR process includes four disease states — susceptible (S),
exposed (or latent) (E), infectious (I), and recovered (R) — through
which infected agents progress.’® The probability of transmission
and length of time spent in the exposed and infectious states are
established at initialization of a simulation, as is the probability
of death. For the analyses presented here, parameter estimates
are derived from Newfoundland mortality data and literature
on the 1918 pandemic. The lengths of the latent and infectious
periods, one and three days respectively, are selected based on
an assessment of different values published in the influenza lit-
erature.”’ A probability of transmission of 0.042 is used in this
model to achieve a target attack rate of 55 percent prevalence
during simulations, as suggested in the literature.’> The mor-
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tality probability per tick is based on the observed death rate of
about 7.5 per 1,000 people for the island of Newfoundland.’
Given the estimated 55 percent prevalence, this rate translates
to a case fatality rate of 13.6 deaths per 1,000 cases. This value is
distributed uniformly across all three days (18 ticks, see below) of
the infectious period; a per-tick mortality probability of 0.00076
over the 18 ticks generates a total death rate consistent with the
observed data.

Behaviours and Movement

The complex behaviours and movements of agents are generally
determined by age- and sex-related occupations, e.g., fishermen
or schoolchildren, as well as by time period and day of the week.
The model is divided into time ticks or intervals of six four-hour
blocks per day. During the three daytime ticks, agent behaviours
are simplified reflections of activities described in ethnographic
and historical literature for residents of coastal outports in New-
foundland. For example, most male agents older than 15 years of
age work in kin-based crews (relatives are assigned according to
surname listed in the 1921 census) of approximately four to eight
men per crew. Several males were assigned to alternate occu-
pations, including pastors/schoolteachers and servants, based
either on census data or known activities in the study commu-
nity. During the fourth tick (6:00 p.m.—10:00 p.m.), agents who
are outside the home at the end of the previous time tick move
home; agents who are already at home at that time find a new
location within the home. During the two night ticks (10:00
p-m.—2:00 a.m., 2:00 2.m.—6:00 a.m.), all agents remain immo-
bile and “asleep” in their assigned dwellings.

Adult female agents engage in various behaviours, and the
choice of these behaviours is partially based on the ages of their
children, if they have any. For households with preschool-aged
children (younger than five years of age), a female agent
older than 15 years of age, typically the presumed mother, is
assigned to be the caretaker, and the children accompany this
female to any destinations during weekdays. These mothers
and dependent children move within the assigned dwelling
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at all times except the 10:00 a.m.—2:00 p.m. interval, when
they have a chance to visit other households. In households
that have only school-aged or older children, all female agents
older than 15 years of age also may stay home or visit, but
they first decide whether to assist in the shore crew/boat during
weekdays. Female caretakers responsible only for children who
are ten years old or older may also participate in fishing activ-
ities on Saturdays. Regular involvement by women in shore
crews is supported by multiple sources, including photographs,
journals, and government and missionary reports.”® Addition-
ally, several adult females, as suggested by census records, are
assigned to other occupations, including teachers or servants;
behaviours of these agents reflect occupation status, such as
movement to the school.

Behaviours of the hospital and medical staff known to be
present in St. Anthony around the time of the pandemic have
not yet been fully implemented in the model; therefore, agents
who would otherwise be assigned to medical professions, such
as doctors and nurses, have been temporarily reassigned to fish-
ing occupations, or in one case, removed from the simulated
population. Similarly, infectious agents are not yet sent to the
hospital for treatment. Questions related to the impact of a
medical facility in the community will be the focus of future
research.

Children aged between five and 15 years old attend school
during the day Monday through Friday. These schoolchildren
include appropriately aged residents of the orphanage as well as
community children, for orphans are assumed to attend the com-
munity school rather than receive education separately within
the orphanage.” Ethnographic and historical evidence suggests
that school attendance was likely to drop as children grew older
or during busy fishing seasons. Thus, the current model assum-
ing regular school attendance can serve as a baseline measure for
future versions of the model. On Saturdays, children ten years
of age and older may choose to help the shore crews/boats asso-
ciated with their households. Any of these children who choose
not to go to the boats, all schoolchildren younger than ten years,
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and children who belong to families engaged in other types of
occupations may instead travel to the school to “play” with other
children, visit other households with their female caretakers, or
remain at home.

Finally, on Sundays, all members of a household move to
a selected destination together. First, they attempt to travel to
their assigned church. Churches are allowed to fill to 100 per-
cent capacity, but the churches are not large enough to hold all
community members during a single service. Thus, if there is
insufficient space in the church for the full household at the time
they try to go to church, the group may visit another family
or remain at home. The model assumes two services each Sun-
day for both churches; the selection process is such that most
agents have a strong but not certain chance of attending church
each week. Orphans older than 15 years of age also attempt to
travel to their assigned church on Sundays, but younger orphans
remain in the orphanage. In between services, all agents return
home.

The Disease Process

Upon initialization, all agents in the model population are clas-
sified as susceptible to influenza. Before a simulation begins,
however, one agent is chosen at random as the first case, and
its disease status is set to ‘exposed’. Alternatively, the first case
may be chosen according to certain criteria, such as age, sex,
or occupation. As described above in the discussion of SEIR
models, infected agents then proceed through different disease
stages. The first case, as well as any other agent who becomes
infected during the remainder of the epidemic, remains in the
exposed category for the length of the latent period (one day or
six ticks). The infected agent then transitions to the infectious
stage, which lasts three days or 18 ticks. An agent may trans-
mit the pathogen or die from the disease only during this stage.
Transmission is possible only when an infectious and suscepti-
ble pair of agents comes into contact. For the purposes of this
model, sufficiently close contact is defined as agents who are in
the same building or adjacent shore crews/boats, and who are
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neighbours to the north, south, east, or west of the reference cell.
If two agents meet the necessary criteria for contact and have
appropriate disease statuses, the disease still only has a chance
of spreading depending on the results of a random number test.
Subsequent to an infectious agent’s attempts to transmit each
time tick, it also has a chance of dying, with a pre-specified
mortality probability. If agents survive the infectious stage, they
enter the recovered stage. In this model, recovery confers per-
manent immunity, so agents may not become infected again.
Presently, all live agents regardless of their disease status con-
tinue to engage in regularly scheduled behaviour corresponding
to their occupation status.

If an agent dies during a simulation, it may need to find
a replacement for any vital occupational roles. For example,
individuals who are caretakers of small children attempt to find
an adult female in their household to take over childcare. If no
females are available, males may become caretakers instead.
Males who take over the care of older children continue to fol-
low the same behavioural patterns as before, such as fishing or
teaching. Only fishermen are allowed to care for preschool-aged
children, as these new “stay-at-home-dad” caretakers give up
their regular activities, at least until the dependent children die
or the simulation ends. If no suitable caretakers are present in the
household, all surviving children are moved to the orphanage.
These childcare plans are deemed acceptable solutions due to the
short time span of a single run, although alternative decisions
for long-term care, such as adoption by a neighbour or relative,
might be more realistic. Additionally, pastors and teachers must
look for replacements for these roles among adults in the com-
munity according to age, sex, and other criteria.

Using the Model to Address Research Questions

The model described above was used to test research questions
related to the role of large social institutions in the spread of
disease in small communities such as those traditionally found

in Newfoundland and Labrador. The first question addresses the
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different experiences between the orphanage and the rest of the
community in St. Anthony to determine whether the observed
pattern, that the wave one community epidemic did not spread
to the orphanage and the wave two orphanage epidemic did
not spread to the community, would be an atypical or expected
outcome. The second research question explores what impact
government orders and/or local community decisions to close
public meeting spaces may have had on the size or timing of epi-
demics within the community. The results presented below focus
specifically on the impact of church attendance, since that is a
regular and important activity when large portions of a typical
traditional community aggregate.

Test scenarios (described below) were simulated 500 times, as
previous analyses indicated that this number of runs of the model
sufficiently minimizes the “noise” of variation and gives results
that adequately reflect average model behaviour. However, only
epidemic runs, defined as five percent of the population (n = 25)
ever infected, were used in further analyses. These analyses focus
on measures of both epidemic size and timing. Model output
allows calculation of the total number of agents ever infected,
the total number of agents in the infectious stage at the peak, the
time tick the peak occurred, and the last time tick at least one
agent was in the infectious stage.

For the first research question, simulations of the model where
an orphanage child is randomly selected to be the first case are
compared to simulations where any agent in the full population
may be selected as the first case. For the second research question,
the model was modified so that churches would close once the
epidemic reached a certain threshold, i.e., a predetermined pro-
portion of the population became infected. Additionally, agents
would no longer be allowed to visit other families on Sundays
once the churches were closed, reflecting the likelihood of indi-
vidual behaviour modifications in response to community-level
actions. However, visiting among families during the week still
took place with the same degree of probability. Church-closing
thresholds of zero percent (closed at initialization), five percent,
ten percent, and 100 percent (never closed) were used; the two
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extremes were chosen to estimate maximum positive or negative
impact of such public health measures, while a threshold of five
percent corresponds to the threshold for classifying a simulation
as an epidemic, and ten percent was chosen under the assump-
tion that if a public health action was not taken by the time over
50 individuals were ill within a short timeframe, it is unlikely
such a decision would be made beyond that.

Of 500 simulations with a random orphan agent selected
as the first case, nearly one-half (n=238) produced epidem-
ics. However, the majority of those runs (n=224) were caused
by school-aged orphans, indirectly indicating the importance
of schools on the spread of disease throughout a community.
Compared to a baseline set of epidemic simulations, where any
random agent could be selected as the first case, and to the sub-
set of these simulations excluding epidemics begun by orphans,
there is no significant difference in overall percentage, percent
infectious at the peak, or in the timing of the last day. Although
the differences in results for the peak day are statistically signif-
icant, the absolute differences between them are small, i.e., less
than two days (Table 1).

The remaining 14 epidemics in the orphan simulations typ-
ically required disease transmission from the first case to another,
frequently school-aged orphan who then introduced it to the
rest of the community. Simulations begun by non-school-aged
orphans were thus typically delayed in both peak day and day
of last infection, relative to epidemics begun by school-aged
orphans. Table 2 presents results for these comparisons, which
are again statistically significant only for peak day.

Simulations where churches are closed and related social
behaviour is also modified during an epidemic indicate the
importance of large public gathering spaces on disease spread.
Although epidemics still occur readily even when movement to
church and associated visiting behaviour is restricted before a
simulation begins, there is a general increase in the number of
people ever infected as the threshold for closure is delayed later
into the course of an epidemic, except between the thresholds
of five percent and ten percent (Table 3). However, this vari-
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ation is minor and insignificant, whereas the changes in size
for all other pairwise comparisons are statistically significant
(Table 4). A similar pattern is observed for peak percentage,
but no significant differences or even apparent trends are
observed in the peak or final times of epidemics between any
of the thresholds.

Table 1. Epidemic Outcomes Comparing Orphan and Other
Selected First Cases

First Case Percentage of
Randomly Number of  the Population Peak Peak Last
Selected from  Epidemics Infected Percentage  Day Day
School-Aged 224 56.5 11.2 234 48.5
Orphans
Any member 220 57.0 11.3 24.8 48.9
of the
population
Any 200 56.8 11.1 25.1 49.2

non-orphan
member of the
population

ANOVA 0.16 0.12 3.69" 0.39
Results

F611)
“p <0.05

Table 2. Epidemic Outcomes Comparing School-Aged and
Non-School-Aged Orphan First Cases

First Case Percentage of
Randomly Selected Number of  the Population Peak Peak  Last
from Epidemics Infected Percentage Day  Day
School-Aged 224 56.5 11.2 234 485
Orphans
Non-School-Aged 14 59.1 11.4 27.5 512
Orphans
t-Test Results -1.91 -0.22 -2.25% -1.43
(Degrees of (19) (15) (15)  (16)
Freedom)®

* Two-sample test assuming unequal variances.
“p <0.05
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Table 3. Epidemic Outcomes Comparing Church Closure Thresholds

Church Closure Number of  Percentage of the Peak Peak  Last
Threshold Epidemics  Population Infected Percentage Day  Day
Always Closed 186 47.3 9.2 25.1 48.8
Five Percent 236 50.0 9.8 253 494
Ten Percent 221 49.9 9.7 244 493
Always Open 220 57.0 11.3 24.8 48.9
Reilll\iso(\lii”) 33.18" 20.49" 0.75 0.28
*p <0.05

Table 4. Pairwise Comparisons of Final and Peak Size Outcomes
for Church Closure Thresholds

Church Closure t-Test Results for Final t-Test Results For Peak
Threshold Comparisons Size (Degrees of Freedom)* Size (Degrees of Freedom)*
Always Closed / 2.37" 2.26
Five Percent (379) (403)
Always Closed / 2.40" 1.95
Ten Percent (335) (385)°
Always Closed / 8.84" 7.39"
Always Open (343) (386)
Five Percent / 0.14 0.38
Ten Percent (446) (455)
Five Percent / 7.24" 5.32F
Always Open (449) (454)
Ten Percent / 8.08" 5.87"
Always Open (438) (439)

*Two-sample test assuming unequal variances.
>The p value for this comparison is 0.052.
*p <0.05

Comparing the Model Results and the Historic Record

The St. Anthony model is designed to be a plausible represen-
tation of epidemic processes in small communities. Systematic
testing of the model indicates that it produces patterns consistent
with epidemiological theory and observed data from real-world
epidemics. However, it is important to remember that models
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cannot prove what actually happened in the past, and a model
that produces output consistent with observed outcomes does
not necessarily capture all or indeed any of the “correct” fac-
tors that contributed to those outcomes. Nonetheless, modelling
provides an opportunity to repeatedly test counterfactual scenar-
ios, and enables researchers to estimate missing data and identify
explanatory factors that may further support hypotheses gener-
ated through other research methods.

Our first research question addressed the fact that the peak
time of illness in the orphanage (wave two) differed from the tim-
ing of much of the illness in the general community of St. Anthony
(wave one). The recorded data suggest that the community-wide
outbreak did not enter the orphanage in the first wave and the
outbreak in the St. Anthony orphanage during the second wave
appeared to remain effectively, if not consciously, quarantined
within that institution.”® Our comparisons of simulations that
began with an orphaned child to those with the initial case chosen
at random indicate few differences between the two situations. In
other words, our simulations do not predict the outcome that was
observed in the actual epidemic. The structure of the model, how-
ever, is such that children in the orphanage regularly attend school
with other community children, thereby providing a conduit for
disease spread in both the community and the orphanage that was
observed in the simulations. These results suggest that one possible
explanation for the historical data might be that the St. Anthony
orphans of 1918 were educated separately at the orphanage or that
the community school was closed prior to or during the epidemic.
This emergent hypothesis prompted a return to archival sources,
which revealed reports from non-pandemic years that the com-
munity school was closed at various times.”” While these reports
lack details and are for non-pandemic years, they suggest more
research on education practices in the study community is neces-
sary and present insights for modifications and additional analyses
of the model. This example illustrates one important application of
computer modelling for historians — to highlight possible expla-
nations that can guide further research and provide new directions
to follow when searching for archival materials.
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Our analyses also demonstrate how models can be used
to test counterfactual scenarios and thus explore the possible
effects of various individual and community decisions on the
observed outcomes. Our second research question addressed
public health measures to close public spaces; the imple-
mentation of these measures likely varied in both timing and
strictness in different communities. Therefore, different scenar-
ios involving church closure and related behaviour modification
were tested to determine what effect, if any, such measures may
have had on disease spread. Model results suggest that these
measures may have influenced the size of the epidemic in a
community, sparing a portion of the population from illness.
However, results also indicate that, in small, highly connected
communities such as Newfoundland outports, such measures
likely would not have succeeded in preventing epidemics
entirely or even slowing them down, if other regular activi-
ties and interactions continued. The relatively large difference
in outcomes when the church is closed prior to the beginning
of the simulation and when it is closed after a mere five per-
cent of the population has been infected, as well as the lack of
statistical significance in the difference between outcomes at
thresholds of five and ten percent, suggest that action must
be taken early, indeed even prior to the epidemic reaching a
particular community, to have an effect. These results reinforce
observations from the historic record that community-level
experiences varied widely and that less severe outbreaks proba-
bly resulted from a variety of factors beyond simply prohibiting
aggregation of community members.

The analyses for these two research questions demonstrate
the usefulness of models for generating possible explanations of
observed historical phenomena. In a sense, historical data, such as
the recorded number of cases and deaths during an epidemic, the
subsequent community and individual responses, and the effect
of those responses, can be considered comparable to one “simu-
lation” out of a wide range of possible outcomes. Models that are
well-constructed and informed by validated data sources are able
to determine what this range of possibility is, what outcomes are
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more or less typical or plausible, and what factors might have
been particularly important in producing those outcomes. The
analyses presented here highlight two applications of model-
ling research to historical studies — accommodating gaps in the
archival record and exploring counterfactual scenarios. Further,
major advances in computing hardware and the availability of
affordable, user-friendly software make computer modelling an
attractive option for researchers.

A major constraint for developing agent-based models is
the availability and quality of necessary data for the popula-
tion and phenomenon under study. Model developers encounter
similar difficulties as traditional historians do, including limited
or restricted access to archival data, damaged or lost records,
and the need to evaluate sources for authenticity and validity.
Particularly in the case of historical health events, individuals
most commonly engaged in modelling activities, such as biol-
ogists, mathematicians, and anthropologists, frequently do not
have sufficient training in finding and evaluating archival and
historical sources. However, members of these fields are often
highly trained in biological and/or social and behavioural science
methodologies and concerns. Therefore, collaboration between
historians and researchers in other disciplines presents opportu-
nities for a broader understanding and investigation of historical
epidemics or other events through integration of modelling tech-
niques with more traditional research strategies.
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