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highlighting the role of mechanistic models and the gap in supporting Canadian 
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Pandemic preparedness needs modelling preparedness

1. There was high demand for modelling during the pandemic

2. Mechanistic and statistical models have different roles in pandemic decision support

3. The modelling needs of small jurisdictions can be different than the modelling needs of 
large jurisdictions.

4. Building capacity in mathematical biology and statistics in Atlantic Canada



1. High demand for modelling during the pandemic

● Forecasting

● Counterfactual scenarios

● Public health communication

● Quantities to inform decisions



Forecasting and scenarios

Slide by Steve Walker (https://canmod.github.io/macpan2/)



Counter-factual scenarios

Hurford, A., P. Rahman, J. C. Loredo-Osti. 2021. Modeling the impact of travel restrictions on COVID-19 in Newfoundland and 
Labrador. J Roy Soc Open.
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Hurford and Watmough. 2021. Don’t wait, re-escalate: delayed action results in longer duration of COVID-19 measures. MedRxiv

Public health communication
Simple models are valuable as “stylized facts” for communication to non-modellers



Flatten the curve Omicron (less severe, more transmissible) was 
forecast to place an extreme burden on the 
healthcare system

Public health communication



Quantities to inform decisions

Anokye et al. Reconstruction of Omicron (B.1.1.529) transmission dynamics in Newfoundland and Labrador. In prep



2. Mechanistic and statistical models

● Definitions

● Mechanistic and statistical models have different roles in 
decision support



Mechanistic model (epidemiology):
• A mathematical or computer simulation model that describes the processes of 

infectious disease spread. For example, transmission, recovery, and control 
measures.

• Types: mathematical compartmental models or agent-based models
• Distinct from statistical models in: 

• Emphasizing biological realism in describing processes (rather than 
variables and prediction)

• That many parameters are independently estimated

• However, mechanistic and statistical (phenomenological) models exist on a 
continuum

2. Mechanistic and statistical models



Mechanistic models have independently estimated parameters



Mechanistic models have independently estimated parameters



o Support decisions on resource needs for “hypothetical-yet-
plausible” future pandemics

o Ready-to-go methods that can be adapted and used for 
long-range forecasting and to explore scenarios to support 
public health decisions on the use of interventions

OgdenNH et al. Mathematical modelling for pandemic preparedness in Canada: Learning from COVID-19. Can 
Commun Dis Rep 2024;50(10):345–56. https://doi.org/10.14745/ccdr.v50i10a03

Mechanistic modelling for pandemic preparedness

https://doi.org/10.14745/ccdr.v50i10a03


Mechanistic models

Hurford and Watmough. 2021. Don’t wait, re-escalate: delayed 
action results in longer duration of COVID-19 measures. MedRxivSlide by Steve Walker (https://canmod.github.io/macpan2/)



Mechanistic models

Slide by Irena Papst/Steve Walker (https://canmod.github.io/macpan2/)

Hurford and Watmough. 2021. Don’t wait, re-escalate: delayed 
action results in longer duration of COVID-19 measures. MedRxiv



Fast results Realistic 
assumptions

Few cases Insight Reference

Agent-based 
model

No Yes Yes A little Adams 2020

Stochastic model Depends Depends Yes Moderate Bertozzi et al. 2020

Compartmental 
model

Yes No No Yes Arino et al. 2006; Adams 
2020; Saltelli et al.; 
Bertozzi et al. 2020

Short-term predictions Scenarios
Statistical model Yes No Holmdahl and Buckee 

2020

Mechanistic model Maybe Yes Funk and King 2020

Ensemble model Yes Yes Adam 2020; Shea et al 
2020

Mechanistic and statistical models have different roles



Feasibility of fitting and sensitivity analysis is a strength of fast models, i.e. ODEs
Consider a model:

● 20 parameters (no means unusual in ecology/epidemiology)
● 10 values of each parameter
● 1 second per model run

Number of required runs: 1020 = 100,000,000,000,000,000,000
Start time: immediately after Big Bang
Current status: 0.4% complete 

Argument is from Dietz (2017) Ecological forecasting, p140

Fast results matters



ABM vs. compartmental - conflation with model complexity

● Importation model*
● Spillover model*
● Age-structured 

community spread

● Gathering capacity 
limits in rural 
communities

● Pfizer vs. Moderna

*only if no 
community spread 

If many processes 
that need 
individual-level 
characteristics are 
at this end, then 
ABMs



3. Different modelling needs of small jurisdictions

● Small jurisdictions had different epidemiology during COVID-19

● Small jurisdictions may have different best public health responses

● Common pitfalls that affect small jurisdictions modelling



Small jurisdictions had different epidemiology

Hurford et al. Pandemic modelling for regions implementing an elimination strategy. Journal of Theoretical Biology. 2023.



Small jurisdictions had different epidemiology

WHO coronavirus (COVID-19) situational report 157 – June 25 2020 

https://www.who.int/docs/default-source/coronaviruse/situation-reports/20200625-covid-19-sitrep-157.pdf


Clustered cases (Stage III: Stuttering transmission)

Antia et al. 2003. The role of evolution in the emergence of infectious disease; Lloyd-Smith et al. 2009. Epidemic dynamics at the human-
animal interface.



Small jurisdictions may have different best PH responses

Technical considerations for implementing a risk-based approach to international travel in the context of COVID-19 2 July 2021

2021 Updated WHO recommendations

https://iris.who.int/bitstream/handle/10665/342212/WHO-019-nCoV-Risk-based-international-travel-2021.1-eng.pdf?sequence=1


Baker et al. 2020. Elimination could be the optimal response strategy for covid-19 and other emerging pandemic diseases

A mitigation strategy can be 
continuous or circuit breaker

Small jurisdictions may have different best PH responses



G. Adu-Boahen. Optimal Control Strategies in Epidemic Models: Analysis of Community and Traveler Isolation Strategies Under Resource Constraints. 
MSc thesis. 2025. Model based on Hansen and Day. 2011. Optimal control of epidemics with limited resources

Small jurisdictions may have different best PH responses



Small jurisdictions may have different best PH responses

Martignoni et al. Is SARS-CoV-2 elimination or mitigation best? Regional and disease characteristics determine the recommended strategy. 
Royal Society Open Science. 2024.



Martignoni et al. 2024. Is SARS-CoV-2 elimination or mitigation best? Regional and disease characteristics determine the best strategy



Common pitfalls that affect small jurisdiction modelling

● Pitfall 1: Atto-fox
● Pitfall 2: Island of Transmithica
● How we addressed these problems
● The problem of over-generalizing results from large 

jurisdictions



Murray et al. 1986. On the spatial spread of rabies among foxes

Murray et al. 1986: rabies would re-appear in south England 
6 years later

• Main conclusions of Murray 
et al. 1986  are based on a 
technical error: the atto-fox 
(Mollison 1991)

• Aside from the error, Murray 
et al. 1986 is quite inspiring



Continuous dependent variables cause the atto-fox problem 

● “As to the second wave, close inspection shows that the explanation 
lies not so much in the determinism of the model as in its modeling of 
the population as continuous rather than discrete and its associated 
inability to let population variables reach the value zero”

● “.. The density of infected [foxes] … declines to a minimum of around 
one atto-fox (10-18 of a fox) per square kilometer. The model then 
allows this atto-fox to start the second wave as soon as the 
susceptible population has regrown sufficiently.”

Mollison, 1991. Dependence of epidemic and population velocities on basic parameters



Pitfall 1: atto-fox
● Concerns models where population variables never reach zero, enabling 

rebounds from very small values (i.e., 10-18)

● Affects modelling concerning:
○ Public health measures that are released
○ Elimination strategies, and travel measures
○ Transmission dynamics involving clusters of cases

● Solutions
○ End the outbreak when a small value is reached (Hansen and Day 2011)
○ Modelling outbreak duration and time between outbreaks (Martignoni et al. 2024)
○ Importation-community spread switch model 

Hansen and Day. 2011. Optimal control of epidemics with limited resources; Martignoni et al. 2024. Is SARS-CoV-2 
elimination or mitigation best? Regional and disease characteristics determine the best strategy



Pitfall 2: Island of Transmithica

Juul et al. 2021 Fixed-time descriptive statistics underestimate extremes of epidemic curve ensembles



Juul et al. 2021. Fixed-time descriptive statistics underestimate extremes of epidemic curve ensembles

Pitfall 2: Island of Transmithica



Pitfall 2: Island of Transmithica

● Concerns uncertain start dates

● Affects:
○ Deterministic, stochastic, and agent-based models;
○ Regions that have no community outbreaks;
○ Models linking importation models to community spread models;
○ Ensemble forecasts of hospitalizations during the COVID-19 pandemic in the Netherlands 

(Juul et al. 2021) 

● Solutions (see Juul et al. 2021 for details):
(1) curve-based summary statistics
(2) summarizing estimated likelihoods of specific scenarios of interest



How we addressed these problems



Model fitting: importation-community spread switch model

● Data: incidence of travel-related cases (dark shading) and community 
cases (light shading)

● Include a model variable that is travelers in isolation
● 10 days before a reported community outbreak, briefly allow the rate that 

an isolating traveler infects a susceptible community members to be 
positive (vertical dashed line)

○ All other times this rate is 0

● When infection incidence is less than a small threshold, set to 0.

36



Features of the importation-community spread switch model

Overcomes:

● Pitfall 1 (atto-fox) by setting low incidence to 0

● Pitfall 2 (Island of Transmithica) by fixing the community outbreak start 

dates (vertical dashed lines). Start date is not treated as uncertain.



Scenario modelling, i.e. following from the switch model
Multiple realizations

DO:
● Av. number of community 

outbreaks
● Av. size of community 

outbreak
● Av. days without community 

cases
DO NOT:
● Av. prevalence at a given 

time
● Put too much significance in 

the start date of an outbreak

● Community outbreak dates 
determined by travel-related cases 
(details next slide)

● Rt > 1 except from when community 
cases ≥ 100 until elimination



Determining when the outbreaks start for the scenario 
modelling

Use the inverse cumulative 
method to sample the start 
dates for community 
outbreaks from the empirical 
density of infectious 
travelers (prevalence)

Use travel-related case 
data and a model to 
estimate infectious 
travelers (prevalence)



Extend this idea by 
using the same method 
for a more detailed 
spillover model

i.e., make D into a 
cumulative density and 
use inverse method

Hurford et al. 2023. Pandemic modelling for regions implementing an elimination strategy

Determining when the outbreaks start for the scenario 
modelling



Fixes: Modelling outbreak duration and time between outbreaks

.

Could be modelled as a branching process or an agent-based model, but atto-fox 
problem is “not so much about the determinism”.

Martignoni et al. 2024. Is SARS-CoV-2 elimination or mitigation best? Regional and disease characteristics determine the best 
strategy

Dr. Maria Martignoni



.

Martignoni et al. 2024. Is SARS-CoV-2 elimination or mitigation best? Regional and disease characteristics 
determine the best strategy

Percentage of days with mild restrictions, Te < Ti

<latexit sha1_base64="QPalO0hl2DzJEBmFRR7eD/Zh7f0=">AAACCHicbZDLSsNAFIYnXmu9RV26cLAIbiyJiLosunFZoTdoQphMJ+3QyYWZE6GELN34Km5cKOLWR3Dn2zhps9DWHwY+/nMOZ87vJ4IrsKxvY2l5ZXVtvbJR3dza3tk19/Y7Kk4lZW0ai1j2fKKY4BFrAwfBeolkJPQF6/rj26LefWBS8ThqwSRhbkiGEQ84JaAtzzxyAklo1vI4PsMtj+UF5g7wkClsW5Zn1qy6NRVeBLuEGirV9MwvZxDTNGQRUEGU6ttWAm5GJHAqWF51UsUSQsdkyPoaI6IXudn0kByfaGeAg1jqFwGeur8nMhIqNQl93RkSGKn5WmH+V+unEFy7GY+SFFhEZ4uCVGCIcZEKHnDJKIiJBkIl13/FdER0MqCzq+oQ7PmTF6FzXrcv6/b9Ra1xU8ZRQYfoGJ0iG12hBrpDTdRGFD2iZ/SK3own48V4Nz5mrUtGOXOA/sj4/AEVbJi7</latexit>

Ti � Te

Ti
⇥ 100

<latexit sha1_base64="SsSWNfnEJBs7sZMd3pkKproEb2o="></latexit>

Te =
ln(Istart/Iend)

�(1�Rc)

Fixes: Modelling outbreak duration and time between outbreaks



Problem: Over-generalization from large jurisdictions

Concerns using community spreads models (i.e., SIR) and resulting 
recommendations in regions where community spread is not occurring

Affects:
● Regions without community spread
● Underserved and under-resourced jurisdictions

Solutions:
● Do the modelling correctly
● Multijurisdictional representation
● Serving and resourcing all jurisdictions
● Canadian small jurisdictions modelling group (CanSJ)



Small jurisdictions are under-resourced



Small jurisdictions are under-resourced

“the need for additional public health physicians is most acute in rural 
areas, the Atlantic provinces, the territories and areas served by Health 
Canada’s First Nations and Inuit Health Branch".

--- 2003 report by the National Advisory Committee on SARS and Public Health 



Small jurisdictions can be overlooked

Shanks and Bundage. 2012. Pacific islands which escaped the 1918–1919 influenza pandemic and their subsequent 
mortality experiences

• American Samoa was one of the few places to report no mortalities from the 
1918 influenza pandemic

• Maritime quarantine, including several day wait period before disembarking 
maintained until at least 1920

• Outbreak in 1926 resulted in clinical infections in 25% of the population; 

• 1/1000 residents died, ~200 lower than overall mortality in nearby Western 
Samoa 



Canadian Small Jurisdictions Working Group (CanSJ)





Reasons for fire stations

● Most of us experienced the COVID-19 public health emergency in primarily 
one place. Anecdotally, you need some local expertise or critical errors are 
likely (no slides on this – just recounting my observation)

● Regional characteristics determine the best public health response

● Small jurisdictions are under-resourced and their needs can be overlooked, or 
falsely assumed, in bigger conversations



Reasons for space stations

● Under-resourced jurisdictions need access to the best experts too!



Reasons for space stations



Our current projects using macpan2

• Estimating the undiagnosed fraction of Hepatitis C in NL
 Collaborators: Laura Bruce and Peter Daley (Memorial U)

• Estimating human infections of avian influenza
 Collaborators: Josh Mack, Joseph Baafi, Andrew Lang, Kathryn Hargan 

(Memorial U), Randy Green (Miauwpkek FN), ECCC, Govt of Nunatsiavut, 
Nunatukavut CC

• Building a general modelling framework for pandemic and non-
pandemic SARS-CoV-2 and Avian influenza, malaria, Arctic 
rabies, and Lyme disease 

 Collaborators: Michael Li (PHAC) and Memorial U



Pandemic preparedness needs modelling preparedness

1. There was high demand for modelling during the pandemic

2. Mechanistic and statistical models have different roles in pandemic decision support

3. The modelling needs of small jurisdictions can be different than the modelling needs of 
large jurisdictions.

4. Building capacity in mathematical biology and statistics in Atlantic Canada
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