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birds from the southern United States. This hypothesis has not yet been explored in a
spatially distributed model. The main objective of this work was to develop a spatially
explicit dynamic model for the transmission of WNV in Canada, that allows us to explore
non-climate related hypotheses associated with WNV transmission. A Cellular Automata
(CA) approach for multiple hosts (birds and humans) is used for a test region in eastern

g?l}l‘:lvl(;rrd;ltomata Ontario, Canada. The tool is designed to explore the role of host and vector spatial het-
Mosquito-borne diseases erogeneity, host migration, and vector feeding preferences.

SEIRDS-SEI modeling We developed a spatialized compartmental SEIRDS-SEI model for WNV transmission with
West Nile Virus a study region divided into 4 km?2 rectangular cells. We used 2010—2021 bird data from the

eBird project and 2010—2019 mosquito data collected by Ontario Public Health to mimic
bird and mosquito seasonal variation. We considered heterogeneous bird densities (high
and low suitability areas) and homogeneous mosquito and human densities. In high
suitability areas for birds, we identified 5 entry points for WNV-infected birds. We
compared our simulations with pools of WNV-infected field collected mosquitoes. Simu-
lations and sensitivity analyses were performed using MATLAB software.

The results showed good correspondence between simulated and observed epidemics,
supporting the validity of our model assumptions and calibration. Sensitivity analysis
showed that a 5% increase or decrease in each parameter of our model except for the biting
rate of bird by mosquito (cBM)) and mosquito natural mortality rate (d™), had a very
limited effect on the total number of cases (newly infected birds and humans), prevalence
peak, or date of occurrence. We demonstrate the utility of the CA approach for studying
WNYV transmission in a heterogeneous landscape with multiple hosts.
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1. Introduction

According to World Health Organisation Vector-Borne Diseases (VBDs) are a major threat to the health of populations
around the world and are responsible for more than 17% of all infectious diseases and at least 700 000 deaths annually. VBDs
also weigh heavily on economies and limit rural and urban development (WHO, 2017). Historically less problematic in
Canada, VBDs have become a significant public health threat in recent years (Mathieu & Karmali, 2016).From 1994 to 2008,
they were responsible for 24 028 encephalitis-associated hospitalizations in Canada (Kulkarni et al., 2013)

The mosquito-borne West Nile Virus (WNV) is a zoonotic pathogen that belongs to the Flaviviridae family (Vogels et al.,
2017). First described in Uganda in 1937, WNV appeared in North America in New York State in September 1999 and spread to
Canada in 2001 (Abdelrazec et al., 2014; Ludwig et al., 2010; Mallya et al., 2018). WNV is recognized as the most important
mosquito-borne disease in Canada (Ludwig et al., 2019; PHAC, 2021). Therefore, it has attracted a great deal of interest from
researchers and public authorities who have undertaken many studies to better understand and control it (Moua et al., 2021;
PHAC, 2021; Ripoche et al., 2019). In ~70% of cases, infections in humans are asymptomatic, but some experience symptoms
such as fever, headache, a skin rash, and muscle aches. In a few cases, particularly patients older than 50, the infection can lead
to more severe neuroinvasive disease (meningitis or encephalitis) resulting in death in approximately 10% of these cases
(Badawi et al., 2018; Fasano et al., 2022; Ouhoumanne et al., 2018).

In eastern Canada, WNV is thought to be principally transmitted by the mosquitoes Culex pipiens and Culex restuans —
identified as Culex pipiens-restuans (Cx. Pipiens-restuans (CPR)) to birds, humans, and horses (Moua et al., 2021).

Several studies have identified the CPR mosquitoes as the main vector responsible for WNV cases, and the American Robin
(Turdus migratorius) is suspected to be the main amplifying host or reservoir of WNV in Canada (Kilpatrick et al., 2006; Taieb
etal,, 2020). Humans and horses are considered primarily as dead-end hosts (Moua et al., 2021; Taieb et al., 2020). Since 2003,
all suspected or confirmed cases of WNV in livestock must be reported to the Canadian Food Inspection Agency (CFIA). WNV
in humans is a nationally notifiable disease, and cases detected are reported to the Public Health Agency of Canada (PHAC), by
provincial or territorial public health organizations. As WNV can be transmitted in blood products, Canadian Blood Services
and Héma-Québec also participate in human case surveillance by testing Canadian blood donors for WNV (TodoricD et al.,
2022; 48(5):181—7.). The prevalence of the disease is generally low in Canada. In 2021, from January to October, 29 clinical
human cases and five asymptomatic human cases of WNV were reported to the PHAC (PHAC, 2021). However, in some years
more serious outbreaks occur (particularly in 2007 in the Prairie provinces, and 2012 and 2018 in Ontario and Quebec
(Canada)), likely driven by effects of weather on mosquito populations and WNV transmission cycles.

There is extensive literature on mathematical modeling of WNV, with a range of objectives such as understanding the role
of birds (corvids and non-corvids) (Abdelrazec et al., 2014), the impact of seasonal variation in the mosquito population
(Wonham et al., 2004), the temporal transmission of the virus in the mosquito-bird cycle (Cruz-Pacheco et al., 2005), or the
effect of mosquito reduction strategies and human exposure to mosquito bites (Bowman et al., 2005).

Most studies use approaches that do not consider spatial aspects of transmission and virus spread (Abdelrazec et al., 2014;
Bowman et al., 2005; Cruz-Pacheco et al., 2005; Wonham et al., 2004). Spatial modeling of West Nile is an underutilized but
important aspect of understanding the dynamics of this disease. The transmission of WNV in Canada, and the evolution of
outbreaks, are highly dependent on seasonal variations and are often localized geographically (TodoricD et al., 2022;
48(5):181—7.). The hypotheses related to the seasonality of cases (late August—September) are fairly well established and
related to both changes in mosquito feeding preferences (Kilpatrick et al., 2006; Taieb et al., 2020) and decreasing host
abundance (caused by migration, among other things). The reasons for spatial segregation of cases are less well established;
however, it is thought to be related to human abundance, spatial heterogeneity of host (bird) and vector (mosquito) abun-
dances but also to migratory movements (in spring and autumn) of birds (Talbot et al., 2019). A cellular automata (CA)
approach to spatial modeling may allow us to explore many of these driving factors via a single modeling tool (Lin & Zhu,
2017; Zhang et al., 2018).

CA can be conceptualized as a discrete mathematical model in which the n-dimensional Euclidean space is subdivided into
regular cells that, at a particular point in time, can have only one of a finite number of states. These states are updated at
discrete time steps, considering the states of neighbouring cells (B. Cissé, El Yacoubi, & Gourbiere, 2016a, 2016b; Slimi et al.,
2009). CA models can describe the complexity of real world spatially extended systems by way of local transition rules that
may be expressed as algorithms and then easily implemented as computer programs. They are a powerful tool for modeling
biological systems in general, and spatial epidemiology in particular (B. Cissé et al., 2016a, 2016b; Mikler et al., 2005;
Ruhomally et al., 2022; Sirakoulis et al., 2000). CA models have been successfully used to study several VBDs (B. Cissé et al.,
20164, 2016b; Baki Cissé et al., 2016a, 2016b; Cissé, El Yacoubi, & Tridane, 2013; Cissé et al., 2014; Doran & Laffan, 2005; White
et al.,, 2007) around the world, and the approach is an interesting opportunity for modeling WNV transmission.
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In this study, we present the development of a CA approach to simulate the spread of WNV in eastern Ontario, Canada in
the case of multiple hosts (birds and humans). The tool is designed to explore the role of host spatial heterogeneity and
migration, as well a vector spatial heterogeneity and feeding preferences, on the local transmission and amplification of WNV.

Specifically here we explore the transmission of WNV in southeastern Canada under the assumption that WNV is
introduced each year via infection of birds migrating north from the US as suggested by phylogeographic analyses (Reisen &
Wheeler, 2019; Therrien et al., 2019). An alternative hypothesis of annual infection of breeding birds by overwintering
infected mosquitoes (Andreadis, 2012; Reisen & Wheeler, 2019) will be explored in the future.

2. Materials and methods
2.1. Cellular automata overview

First described by Von Neumann in the early 1950s to serve as a simple model of self-reproduction in biological systems
(Neumann, 1966), CA are now broadly used to model complex systems in several fields such as computer science, mathe-
matics, engineering, biology and epidemiology (Mange & Tomassini, 1998; Margolus, 1984; Ruhomally et al., 2022; Sipper,
1994; Vichniac, 1984; Wang et al., 2023) [28, 38—42].

A cellular automaton is generally defined as a regular lattice of cells, each having an identical pattern of local connections
with other cells and being subject to given boundary conditions. Each cell can take a state, among a finite set of states, which
are updated at every time step according to local transition rules describing the transmission dynamics of the endpoint of
interest. Time progresses in discrete steps. The state of a cell at time t + 1 is a function of its own state and of the states of its
neighbours at time t (B. Cissé et al., 2016a, 2016b).

The mathematical formalism of CA is presented as follows (from (B. Cissé et al., 2016a, 2016b)):

Definition: A CA is defined by a quadruple A = (., S, N, f) where:

- 7 is a d-dimensional lattice of cells c that are arranged according to the dimension of the space and the shape of the cells.

- Sdenotes a set of discrete states. It is a discrete finite set often represented by numbers. It is defined as the set of possible values that can take any state of
the cell. It is generally a cyclic ring of dimension k noted S = {s1,53,...,5¢ }

- Nis a mapping that defines the cell's neighborhood. It is the set of cells ¢;,i €{1,2,...,n} which interact with cell c at time t to influence its state at time
t+ 1. It's noted

N:Z -

c—N(¢) = (€1,C2, ... Cn)
where n is the size of the neighborhood.

- f is a transition function which allows to calculate the cell's state at time t + 1 given the neighborhood's state at time t. It can be defined by:

f:s">s

St(N(€)) = Se41(€) =f(st(N(c)))

where s;( c) designates the state of the cell c at time t and s;( N(c)) = {s¢(¢'),cc €N(c) } is the neighborhood state.
The CA state or configuration at time t is the set {s:( c¢),c €7 } given by:

Sf:]—hg

c— 5t(0)

2.2. Model assumptions

Our model analyzes the interactions between three groups of individuals: birds, mosquitoes and humans. All individuals
are identified by their clinical status. Each individual, depending on the group they belong to, is regrouped by states. The
possible states are: Susceptible, Exposed, Infectious, Recovered or Dead. However, each group doesn't contain all states.
Susceptible are those who are susceptible to infection with the disease, Exposed individuals are infected but not infectious
(cannot yet transmit the disease), Infectious individuals are those who can transmit the disease to susceptible vectors, and
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Recovered individuals are those who are immune or cured with the possibility of becoming susceptible again. Those who have
died of the disease are called Dead individuals. Our model is based on the following additional assumptions:

- Birds and humans, at each stage of their lives, can become Susceptible, Exposed, Infectious, Recovered or Dead. These subclasses have been used suc-
cessfully in several disease modeling efforts (Bowman et al., 2005; Shaman, 2007). Birds are the only competent host (Taieb et al., 2020); that is, they can
transmit the disease to mosquito. Although humans can get to the ‘Infectious’ status in our model, they are considered as incompetent host (Bowman
et al., 2005) which here means that the level of infectiousness is not high enough to infect a mosquito. They can, however, be infectious by direct
transmission in very specific cases like during blood transfusion, organ transplant or mother to baby during pregnancy, delivery or breast feeding (CDC,
2021).

Mosquitoes, considered as principally represented by Culex pipiens-restuans (CPR), have a short lifespan and can only become Susceptible, Exposed or
Infectious (Durand et al., 2010; Ewing et al., 2021; Wonham et al., 2004).

The CA cell size (2 x 2 km?) represent an average home range size for the American Robin, which is identified as the most viable reservoir species in
Canada (Kilpatrick et al., 2006; Taieb et al., 2020). In Massachusetts, robin home range averaged about 400 m radius around nests (Hirth et al., 1969) and
in Wisconsin, it ranged from 445 to 2420 m2, with an average of 1210 m? (Young, 1950).

- Only birds can move between cells. In a time step, these movements are only made by a proportion of birds, which are mainly adults during the breeding
season and a mix of juveniles and adults later, until fall migration.

Humans are assumed to stay within their own cells. This assumption is introduced for the sake of simplicity. Indeed, as man is an accidental host, we have
decided to focus solely on the movements of the main host (birds) to reduce the complexity of the equations and make the analysis of the model simpler
and clearer. However, movements of humans (incidental hosts) between cells, related to their work, their habitats, their leisure, etc ... could be explored
in future work, as the model will allow such parameterization.

Mosquitoes also do not move outside their own cells, as CPR mosquitoes mostly spend their entire life within a few square kilometers (Ciota et al., 2012;
Moua et al.,, 2021).

2.3. Delimitation of seasonality

Because of its importance, seasonality in epidemic models has been the subject of several studies (Buonomo et al., 2018).

In our study, we assumed that mosquito and bird abundances vary over the year according to the cyclical regular variations
inherent to the species biology. Each year was divided into four parts based on robin and CPR behavior (Fig. 1). The first one
represents the cold season (blue solid line in Fig. 1) that begins on October 1 (day 274) and ends on March 31 (day 90) (Robert
et al., 2019). During the cold season, the number of birds decreases due to natural mortality. At the very early stage of the cold
season, we assume that there are still mosquitoes present in our cells until day 303 (October 30), which is confirmed by the
observational data of mosquito surveillance held by Public Health Ontario (PHO) for the study region (PHO, 2021).

The second season, called the spring bird migration and breeding season (green dotted line in Fig. 1), begins on April 1 (day
91) and ends on July 31 (day 212) (Robert et al., 2019). During this spring season, birds arrive in our study area. These
movements represent the massive seasonal migration of birds that occur in large areas of Canada, United States, and Mexico,
each spring (Oliver et al., 2020; Rappole et al., 2000; Taieb et al., 2020; Vanderhoff et al., 2016). Considering the location of our
study region, the migratory flyways used by the birds is the Atlantic flyway, stretching from Florida to Greenland, this flyway
contains all of North America's Atlantic coast and the Appalachian chain (Belkhiria et al., 2016). From April 15 (day 105), the
birds begin to breed and raise their young. The brood size and duration correspond to the ones observed for the American
robin (Robert et al., 2019; Vanderhoff et al., 2016). Only a certain percentage of migratory birds can be infected when arriving
in our study region and it can happen only between May 1 (day 121) to June 30 (day 181) (Robert et al., 2019). This time is
designated as the infected bird arrival period (green solid line) in our model. It was chosen to coincide with the resumption of
vector mosquito activity in late spring. Infected birds arrive in specific cells selected on the fact that they had the highest
average bird robin density according to eBird observation data (Cornell Lab of Ornithology, Oct 2021).

The third season is named the summer season (red solid line) and corresponds to post breeding and dispersal of the young
birds born in the summer. It covers the whole month of August (day 213 - day 243) (Robert et al., 2019). During these first
flights, young usually travel less than half a mile (about 0.8 km) to find food (Hirth et al., 1969) while remaining under the
supervision of their parents (Weatherhead & McRae, 1990).

T T
=== Cold season

= = 1Spring bird migration and breeding season|

=== |nfected bird arrival period

m—Summer season

= ®1F3|| migration season Emmmm
mm \osquito activity season

Seasonal changes
.

L L L L L L L
90 121 138 181 212 243 273 303 365

Time step (day)

Fig. 1. Seasonal changes in bird behavior and mosquito activity.
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The last bird season is named the fall migration season (black dotted line), which occurs in September (from day 244 to day
273 (Robert et al., 2019)); corresponding to when robin (adults and juveniles) can leave the study region to migrate south
(Robert et al., 2019; Vanderhoff et al., 2016). We considered that around half of the robin population migrate southern for
winter and this group of migratory birds consists of both adults and juvenile birds of the year.

The mosquito season is referred to as the mosquito activity season (black solid line) and is based on observational data
from PHO mosquito surveillance (PHO, 2021). It begins on CDC week 21 (day 138 corresponding to May 18) and ends on CDC
week 42 (day 303 corresponding to October 30). It covers the entire summer season and partially overlaps the spring bird
migration and breeding season and cold season.

Finally, the human population is considered spatially and temporally stable throughout the year, except for natural
mortality which slightly decreases the abundance of humans. We also didn't consider any specific behavioral variation that
could lead to associated variation in risk of exposure from mosquito bites.

24. CA approach

We propose a compartmental cellular automata model with a competent host (bird (Taieb et al., 2020)) denoted B, an
incompetent host (human (Bowman et al., 2005)) denoted H and a vector (mosquito) denoted M. This is a SEIRDS-SEI model
defined as follows:

- The space -7, represented by a two-dimensional square lattice where a cell is given by its coordinates (-,,) and can be occupied by hosts or/and vectors.
Each cell represents a square lattice 4 km2.
- The state s¢(-,/) of each cell (/) at the time ¢t is given by the triplet

selif) = (sB(0.3), 55 .), sM(0.) )
where sB(i,j), sH(i,j), sM(i,j) the state of bird, human and mosquito at time t. They are presented as follow:

- sB(i,j) = (SB(i,j), EB(i,j), IB(i,j), RE(i.j), DB (i,j)) gives the number of susceptible, exposed, infectious, recovered or dead birds in cell (i,j) at time t,

- sf(i,j) = (SH(i,j), Ef (i,5), IF (i, j), R (i, ), D¥(i,j)) gives the number of susceptible, exposed, infectious, recovered or dead humans in cell (i,j) at time ¢,

- sM(i j) = (SM(i,j), EM(i,j), IM(i,j)) gives the number of susceptible, exposed and infectious vectors in cell (i,j) at time t.

- The neighborhood Nj; of cell (i,j) of size n, given by the set {(i+ay,j+ 1), (i+az,j+ f2), ..., (i+an,j+ B,) } where {(ay,f;) 1<k<n}e Zx Z. In our
study, we use Moore neighborhood (Kari, 2005) in which

(ak-,ﬁk) 1<k<8 € N* :{(170)7(1a1)7 (071)7 (_17 ])/ (_171)7 (07_1)7 (_17 _1)7 (1_1)}

The Moore neighborhood has been used successfully in several epidemiological models (Cissé et al., 2014; Sirakoulis et al.,
2000; White et al., 2007).

- The transition function f, a local transition rule which updates the state of each cell (i,j) at time (t +1) in terms of the states of its neighbouring cells at
time ¢. The changes in sB(i,j), sf (i,j) and sM(i,j) are computed according to the dynamics of the disease transmission.

The demographic dynamics of the hosts and vectors are integrated in our model by recruitment and mortality rates. The
model also considers the impact of the distance between a central cell and its neighbouring cells through the parameter

d@B (i f).
With
1 #
dlowbo) (j j) = T —Tre BT, __ Vb

b N TG ihlls  ab) <N /g
where ||.||, represent the Euclidian norm. It is a weight coefficient associated to the number of susceptible birds in the
neighbouring cell (i + ay,j + 8;) 1 < k <8, moving to the cell (i,j) with a probability  ug(i,j).

The transmission of the pathogen can occur in two different ways. The first one is by contact between infectious
mosquitoes and susceptible birds with the parameter (g, or human with the parameter (. The second way to transmit the
disease is by contact between an infectious bird and a susceptible mosquito with transmission rate (3 . We assume that
humans and mosquitoes can only be infected in their own cells, as they cannot move through the network.

The conceptual diagram that shows all the interactions between our three types of agents is shown in Fig. 2.

The epidemiological dynamics under the above assumptions is governed by equations (1)—(5) for birds.
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Fig. 2. Conceptual diagram of the West Nile Virus transmission model within one cell of the Cellular Automata grid in bird (B), mosquito (M) and human (H)
populations. Boxes indicate states in each population and arrows between boxes indicate rates of flow between states. The possible states are: Susceptible,
Exposed, Infectious, Recovered or Dead. Dashed arrows indicate parameters that influence the transition from one compartment to another. Notations and
parameters are explained in Table 1. The conceptual diagram also represents the connexion with birds and mosquito populations in neighbouring cells and their
influence (dashed arrow) on transition between susceptible state and exposed states of birds and mosquito populations of the cell.

Table 1
Parameters of the WNV model.
Definition Symbol Dimension Estimate Sources
Vector demography and feeding
Mosquito recruitment flow AM day~1 - PHO (2021)
Mosquito natural mortality rate aM day! 0.096 Jones et al. (2012)
Rate of biting of bird by mosquito c(BM) — (MB) dgy—1 0.11 (See Appendix A.1) (Khalil et al., 2021; Wonham et al.,
2004)
Rate of biting of human by mosquito c(H:M) day~! 0.192 (See Appendix A.2) (Brugman et al., 2017; Ryan et al.,
c(MH) 2017)
Rate of Mosquitoes that feed on the bird pE - 10, 1] (See Appendix A.3)
Rate of Mosquitoes that feed on the human pH - 10, 1] (See Appendix A.3)
Host demography
Bird recruitment flow AB day1 - (Cornell Lab of Ornithology, Oct 2021)
Bird departure flow r day~1 -
Bird dispersal rate Up - [0.4, 1]
Time spent in the origin cell by moving birds T - 0.4 a
Bird natural mortality rate dB day! 0.00055 Farner (1949)
Human birth rate bt day ! 0.00003 (See Appendix  StatCan (2022a)
4.)
Distance impact factor d(@-Bi) - ?m White et al. (2007)
V2(4+2v2)
Human natural death rate dH day! 0.00003 (See Appendix  StatCan (2022b)
A5.)
Pathogen transmission
Per contact probability of transmission from Mosquito to gy - 1 Komar et al. (2003)
bird
Per contact probability of transmission from bird to Bums - 0.36 Komar et al. (2003)
mosquito
Per contact probability of transmission from mosquito to  fyy - 1 Komar et al. (2003)
human
Pathogen within-host dynamics
Pathogen virulence to infectious bird ag day! 0.066 VanDalen et al. (2013)
Pathogen virulence to infectious human ay day~! 0.0009 (See Appendix (PHAC, 2010, 2015)
A.6.)
Recovery rate for bird B day! 0.25 VanDalen et al. (2013)
Recovery rate for human TH day~! 0.22 (See Appendix A.7.) PHAC (2010)
Incubation period for bird 1/0 day 1 VanDalen et al. (2013)
Incubation period for human 1/’13 day 8.5 (See Appendix A.8.) PHAC (2015)
Incubation period for mosquitoes 1 /UH day 4 Dohm et al. (2002)
Rate of the loss of immunity for bird Ig M day! 0.00055 b
Rate of the loss of immunity for human Iy day! 0.00055 b

2 7is a part of the time step i.e. 7 <t

b There is considerable uncertainty regarding the protective immunity against West Nile virus. Considering protective immunity observed in small birds
(Nemeth et al., 2009), we assumed that both infected birds and human will have a protective immunity of 5 years. Therefore, the rate of loss of immunity is
estimated to be 1/(5 x 365) = 0.00055. https://www.cdc.gov/westnile/index.html.
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The total number of birds in cell (i,j) at time ¢ is given by
NP (i.j) = SP(i.j) + EZ(1.J) + IP(i.§) + RE(i.))

The total number of birds in the simulation area vary across the year following a seasonal trend represented in Fig. 4. The
mean bird density during cold season is stable. During spring bird migratory and breeding season, the bird population in-
creases to double the local cell density, it then stabilizes during the summer season. In fall migration season, the bird density
decreases to reach the cold season density level. The birds leaving the simulation area during fall is a mix of susceptible and
recovered bird, proportionally to the prevalence of each state in the population at the end of the summer season. The birds
moving through the simulation area spend a part (7) of the time step in each cell they move through.

The human epidemiological dynamic is given by equations (6) to (10)

.. .. C o GHyr s o CHys . S Hos SH(, )M, j

S 1) = SPLJ) + DG SE ) = ISP+ R GJ) = ™ 5 ©)
t 9

.. .. S H s .. T SH NIV, j

Bl (1) = EF0J) — a6 DX 65) + o)+ ™ ol B e ™)
t )

L300 =1 J) — (A 0J) + ) (0.J) + ouER 0,J) = rulf! 0. ®)
RE 3 (1.0) =RE ) = () + 1 ) REGLG) + rulf (0J) 9
Df(i.) =Df! (i) + el (i.f) (10)

The total number of humans in cell (i,j) at time t
Nf(1,5) = Sf'(1.j) + Ef (i.§) + I (i.J) + Rf'(i.))
And finally, the dynamics of the mosquitoes is governed by equations (11)—(13)
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The total number of mosquitoes in the simulation area vary across the year following a seasonal trend represented in Fig. 4.
The mean mosquito density during cold season is zero. During the mosquito activity season, the mean mosquito density
increases and then decreases to mimic observed mosquito seasonality under the latitude of the study region. Population
increase is modeled by forcing inputs into compartment S of the mosquito population and population decrease occurs
naturally due to the natural mortality of mosquitoes.

All the involved parameters in the model are detailed in Table 1.

2.5. Study area

Our study focused on a region in eastern Ontario, Canada and uses two study areas with the smallest being a subregion of
the largest. The largest area is composed of five health units: the City of Ottawa (~ 2 986 Km? with 1 017 449 inhabitants),
Eastern Ontario (~ 5569 Km? with 210 276 inhabitants), Leeds, Grenville and Lanark district (~ 7 052 Km? with 179 830
inhabitants), Renfrew county and district (~ 16 945 Km? with 107 522 inhabitants) and Kingston, Frontenac and Lennox and
Addington (~ 7 480 Km?2 with 206 962 inhabitants) (StatCan, 2016, 2023). It covers about 40, 032 Km?2 (Fig. 3). The smallest
area is composed of a square lattice of 45x45 cells of 4 km? each (Fig. 3) and represents about 20.23% of our largest study area.
It primarily covers the following urbanized centers: City of Ottawa (~1 million population), and a suite of villages and small
towns such as North Grenville, North Dundas, Mississippi Mills, Rideau Lakes, and Carleton Place. The climate of the study
region is humid continental (Euler et al., 2000), and land use is of mixed but primarily agricultural disposition with patches of
forested land and a suite of urban centers (Butt et al., 2005; Rakotoarinia et al., 2022).

2.6. Model calibration

We used three databases to calibrate our model. The first one comes from the global bird monitoring project eBird
(Sullivan et al., 2014) managed by the Cornell Lab of Ornithology. eBird is formed by a large network of birdwatchers around
the world. Observers summarize their sighting data on a checklist that contains the name of the species observed, their
number, date, location, method of observation and much more. The checklist is sent to eBird, which performs an initial set of
checks. The checklist is accepted when the information is consistent with what is expected in the monitored area. However,
when the information is unexpected for a particular location, eBird performs additional checks before accepting or rejecting it
(Cornell Lab of Ornithology, Oct 2021; Sullivan et al., 2014).

One of our objectives was to identify cells with high bird abundance in our small study area which is our simulation area.
Our approach was to collect all observation data (number of individuals, date, location, observation method, etc.) of American
robin for our large study area from January 2010 to October 2021 (Cornell Lab of Ornithology, Oct 2021). Over the 12 years, the
number of observations recorded is 168 278, which corresponds to 835 931 robins observed. We projected these observation
locations onto our study areas in the Lambert Conformal Conic projection (North American Datum 1983 [NAD83]) using
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Fig. 3. Bird and mosquito observation area. This graphic was generated with a Lambert Conformal Conic projection (North American Datum 1983 [NAD83]) using
observation data from June 2010 to October 2021.

ArcMap 10.8.2 software. Fig. 3 shows the spatial distribution of the observations. We then identified the locations of bird
sightings in our simulation area.

This, first, allowed us to build a map that specifies the zones of high or low habitat suitability for birds. In 1330 cells (about
66%), robins were observed at least once during the period from June 2010 to October 2021. These are called the high habitat
suitability areas for birds. No robins were observed in 695 cells (about 34%). These are referred to as low habitat suitability
areas (see Fig. 3).

We then calculated the statistical parameters (the total number of observations and the average number of individuals
observed per cell). We then selected the five cells with the highest number of bird observations and the highest average
number of individuals observed. Limiting the number of cells to 5 was chosen for simplicity's sake, to enable us to better
analyze each site where the epidemic starts. These cells designated A;, i€ {1, ...,5} were our Exposed bird arrival locations
(Fig. 3 (yellow hexagon) and Fig. 6). We also calculated the mean number of birds observed by week over the 12 years
sequentially. The average trend of this time series as well as the boundaries of its variation during the season (min and max
value (34 and 100)) allowed us to calibrate the bird density in our simulation (Fig. 4a).

The second source of data comes from the Breeding Bird Survey (BBS), a large-scale survey of North American birds whose
main objective is to estimate the evolution of the populations of birds encountered along the roads. We calculated the average
value of the annual abundance indices of the American robin estimated by the BBS for Ontario from 2010 to 2019 (Sauer et al.,
2020) and used it to set the limit value of abundance over the breeding period (April 15 - July 31).

Using as a 'guide’ the eBird and the BBS data, we calculated a curve of the seasonal variation of the expected densities of
American robins within a cell. This variation considers in spring and early summer, an increase in density linked both to the
arrival of migratory American robins and to births, then, in late summer and early autumn, a drop in population linked to the
departure of migratory individuals. Natural mortality is also considered, but the overall trend is stable and around 50 in-
dividuals per 4 km? cell at the beginning of each year. Density variation is consistent with litter size and number as described
in (Vanderhoff et al.).

The last source of data is from the WNV surveillance program of Public Health Ontario. This data allowed us to calibrate
mosquito abundance variations in our simulation area as well as helped to identify zones of West Nile transmission for our
model validation step (PHO, 2021).

The surveillance data used in our study was collected from 2010 to 2019 and corresponded to 4525 captures and 45 233
adult CPR mosquitoes (Fig. 3). We calculated the mean number of mosquitoes captured by week averaging the 10 years, for
the simulation area. We then used this time series to calibrate the mosquito abundance in each of our cells. We then adjusted
it to the observed abundance multiplied by 225 to account for the fact that trapped mosquitoes are only a sub-sample of the
true mosquito population in an area. It is thus considered that each cell of 4 0000000 m? can contain 225 traps which will

each cover approximately 17 778 m? .
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Fig. 4. (a) Simulated seasonal variation in abundance (blue line) and observed mean, minimum and maximum values of abundance, in our large study area for
American robin based on eBird data (green line). Mean observed value in abundance in our large study area for American robin based on BBS data (red line). (b)
Simulated (blue line) and observed (green line) seasonal variation in abundance in our large study area for Culex pipiens-restuans based on public health Ontario
mosquito surveillance data.

2.7. Model validation

We simulated the spatial spread of WNV for birds, mosquitoes, and humans in our simulation zone. We represented the
spatial and temporal evolution of the number of infected individuals in birds. We than compared visually the areal coherence
of WNV transmission in bird populations obtained in our simulation with the location of the WNV positive CPR mosquito
traps obtained between 2010 and 2019 from the Ontario mosquito-borne disease surveillance program.

2.8. Sensitivity analysis

We performed sensitivity analyses of our model for birds, mosquitoes, and humans. The outputs considered in the
simulation area were the total number of newly infected individuals, maximum number of infectious individuals and the time
of this maximum. We evaluated for each category of agents, the sensitivity of the outputs to a 5% increase and decrease of all
parameters of our model. Separately for each parameter, we calculated the outputs values for a simulation using its mean
value, the mean value + 5% increase and the mean - 5% decrease. It made 17 parameters * 3 sensitivity scenarios (mean, +5%,
—5%) * 3 outputs simulations to run. We than represented the results in histogram to detect global and specific effect of the
parameters values variation visually.

3. Result
3.1. Model validation

In this section, we simulate WNV transmission and compare it visually with the observed locations of the WNV mosquito
positive traps.

3.1.1. WNV transmission due to arrival of infected birds from spring migration

We simulated a WNV epidemic over 10 years in our simulation area. Fig. 5 shows the global dynamics of the evolution of
the epidemic in bird, mosquito, and human populations.

Each year, about 107 531 birds arrive in all our cells in spring, for each cell of our simulation area for 10 years (see Fig. 1).
Among them, 97 365 of which arrive in the high suitability areas and the rest in the low suitability areas. During the first year
only, about 92 WNV infected birds arrive in the 5 predefined cells (see Fig. 3), distributed evenly between day 121 (May 1) and
day 181 (June 30).

Bird populations fluctuate seasonally. The population of the susceptible increases from day 91 (April 1), reaches its
maximum in late spring (day 212 (July 31)) and then decreases. The same pattern is observed over the 10 years of simulation
(Fig. 5). Following the arrival of infected birds, the first year of simulation, local transmission of WNV starts to spread across
the simulation area. The total number of newly infected for the first year after introduction of the virus is 810. Among them
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Fig. 5. Global dynamics of (a) birds, (b) humans, and (c) mosquitoes in the simulation area. Abundances are the total number of exposed (E), infected (I),
recovered (R) or dead (D) individuals for birds and humans. For mosquitoes, abundances are the total number of exposed (E) or infected (I) individuals.

624 are in high habitat suitability areas for birds. The maximum number of infected birds is 38 and is reached on day 258
(September 15).

Mosquito populations evolve following regular seasonal waves, much as do the birds. The maximum abundance is during
summer (day 217 — August 5). No active mosquitoes are observed between day 304 (October 31) and day 137 (May 17). The
same pattern was observed over the 10 years of simulation (Fig. 5). During the first year after virus introduction, there was a
total number of 1179 infected mosquitos. The maximum number of infected individuals is 247 on day 258 (September 15),
paralleled with the bird population (Fig. 5).

The human population remains globally stable in the study region, with a slight decrease in the first year due to the
epidemic. The total number of newly infected humans is 178 for the first year after the introduction of the virus, with a
maximum of 14 on day 275 (October 2), 2 weeks after the maximum in bird and mosquito (Fig. 5). The total number of
recovered individuals increases and reaches its maximum on day 306 (November 2) (Fig. 5).

3.1.2. Comparison between areas of WNV transmission in bird populations and mosquito positives pools
We visually compared the transmission area of our previous simulations with the location of the WNV-positive mosquito
traps (see Fig. 6).

There is a good overlap between transmission areas in birds and mosquito traps in areas Aq, A, and As. The correspon-
dence is less clear for areas As and A4 (see Fig. 6 and Table 2). According to our analysis, there are two possible explanations for

288



B. Cissé, D.R. Lapen, K. Chalvet-Monfray et al.

Table 2

Comparison between areas of WNV transmission in bird populations and WNV mosquito positive traps.

Infectious Disease Modelling 9 (2024) 278—297

Simulated areas of WNV
transmission in bird

populations

Observed locations of the WNV mosquito positive traps

Overlap between WNV mosquito positive traps and

simulated areas of WNV transmission in bird

populations

Al

Within a radius of ~ 12 km around A1, we have around 5 WNV Strong
mosquito positive traps. The nearest positive trap is ~ 3 km away. We
have 2 others at ~ 4 km, 1 at ~ 5 km and the last one at ~ 9 km.

A2 Within a radius of ~ 12 km around A2, we have around 5 WNV Strong
mosquito positive traps. The nearest positive trap is ~ 2 km away. We
have 2 others at ~ 5 km, 1 at ~ 8 km and the last one at ~ 10 km.
A3 Within a radius of ~ 12 km around A3, we have only 1 WNV mosquito weak
positive trap at ~ 10 km
A4 Within a radius of ~ 12 km around A4, we have only 1 WNV mosquito weak
positive trap at ~ 11 km
A5 Within a radius of ~ 12 km around A5, we have 1 WNV mosquito Strong
positive trap but at ~ 4 km
/ A
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Fig. 6. Comparison of WNV spread and WNV positive mosquito traps for bird species in the simulation area. A;, A,,... and As represent the 5 predefined cells in

with infected birds arrive.

this mismatch. The first could be linked to the spatial distribution of the mosquito traps. They are not covering our simulation
area homogeneously. The trap closest to the center of area As is at least 6 km away and the trap at point A4 is at least 9 km
away. Thus, there are no traps to confirm if there is actually transmission or not in region A3 and A4. We hypothesized it could
be the case as eBird data show high American robin density at these locations.

The second explanation could be linked to the assumptions that led to the selection of the 5 arrival cells for infected birds.
Indeed, our 5 cells represent those with the highest number of sightings and individuals observed according to the eBird data.
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But infected birds might actually arrive somewhere else too. Other locations where infected birds arrive could easily be tested
in the future.

3.2. Sensitivity analysis

Sensitivity analysis in the low and high bird suitability areas and across the simulation area for all categories of agents
showed the same trend after a 5% increase or decrease in each parameter (see the 27 graphs in the supplementary material)
for the total number of newly infected individuals, the maximum of infectious individuals and the time of this maximum.

The sensitivity analysis also showed that a small variation (—5% or +5%) in the parameters rate of biting of bird by
mosquito (cB:M)), end time of arrival of the birds, mosquito natural mortality rate (dM), per contact probability of transmission
from mosquito to bird and form bird to mosquito (8g,; and 8yz) and recovery rate for bird ( rg), in our simulation area, has
some impact on the total number of newly infected birds, humans or mosquitoes. The variation of the other parameters has
almost no effect on this number (see Fig. 7 graphs (a)-(b)-(c)). The sensitivity analysis then showed that a 5% increase or
decrease in the parameters cBMand dM , in our simulation area has a more important impact on the maximum of infectious
birds, humans and mosquitoes than the other parameters. In contrast, varying the parameters end time of arrival of the birds,
BumaB, Bsm T, and incubation period for mosquitoes (1/ay) has the least impact on it (See Fig. 7 graphs (d)-(e)—(f)). Variation in
end time of arrival of the birds, dM, rg, recovery rate for human (ry) ,c®M) | incubation period for human (1/0y) et 1/ay
increases and decreases the time of the maximum infectious individuals by 1 or 2 days in all agents in the simulation area. No
change was observed in the time of the maximum infectious individuals when we varied the other parameters of our model
(see Fig. 7 graphs (g)-(h)—(i)).

In summary, the sensitivity analysis showed that a 5% increase or decrease in each parameter of our model, except for
cBM) and dM, had a very limited effect on the total number of newly infected individuals (birds, humans, and mosquitoes) or
on the maximum number of infectious individuals or onset date. Variations in ¢®™) and dM had a greater impact on the
maximum number of infectious individuals. Therefore, values for these parameters should be chosen with caution.

4. Conclusion

Modeling is an essential tool for understanding the dynamics of the spread of infectious diseases and assessing the risk
they pose to human and animal health. In this work, we built a spatial modeling tool for West Nile Virus transmission in
eastern Ontario using the cellular automaton approach. This tool was designed to explore various factors suspected to be
responsible for the periodic re-emergence of WNV in our study area. These factors included periodic introduction of infected
reservoir hosts [especially during spring bird migration season], population movements of hosts and vectors during the
transmission season, changes in vector feeding preferences during the transmission season, and persistence of infected
vectors on the territory during the winter. In the present work, only the spatial heterogeneity of the reservoir hosts (birds) and
the hypothesis of the arrival of infected birds in spring in the simulation area were explored. The transmission maps
generated corresponded reasonably well with existing transmission areas that were observed between 2010 and 2019 via
entomological surveillance. This historical validation element demonstrates utility of the developed model to successfully
describe the spread of WNV in Ontario. The comparison of simulated results and observations, suggests that other factors
explain the periodic re-emergence of the virus in our study area; hence our model is heuristic regarding its capacity to
identify the most important predictor criteria.

The sensitivity analysis of the 17 parameters of our model showed its robustness, even if some parameters (rate of biting of
bird by mosquito (cBM)) and mosquito natural mortality rate (d¥) need to be chosen with caution.

Finally, the tool developed here is a deterministic model. It simulates epidemics according to a central tendency given to
the different parameters of the model. Given the limited number of individuals (especially birds) in each cell, it will therefore
tend to overestimate the risk of an epidemic since it considers that even a fraction of infected birds is viable, which is not the
case in a stochastic model. Other limitations of our model include the assumption that humans (accidental hosts) do not move
between cells, that their density is homogeneous across the study region, and that our choice of limiting the arrival of infected
birds to 5 cells is arbitrary. These limitations were founded in attempts to reduce model complexity, and for allowing a clearer
analysis of the model. Indeed, modeling the mobility of human beings is not an essential element to add to our model, since
most of the bites made by the virus vector in our study region are usually conducted in the evening, when individuals are
usually back home. However, the addition of a heterogeneous distribution of human population densities would be very
interesting in future studies, as it would allow us to better assess the impact of epidemics on human populations and carry out
‘burden of diseases studies’ under different scenarios. Additionally, the arrival of infected birds in a cell chosen at random, and
the repetition of the experiment a significant number of times, provides an avenue for studying the epidemics possibly
initiated by the arrival of infected birds in the region of study.

This tool will also allow us to study the impact of climate change/land use change on West Nile Virus transmission using
direct and indirect variables climate driving variables. Indeed, the model could be used to explore scenarios of changes in
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Fig. 7. Graphs (a), (b), and (c) represent the change in the total number of newly infected birds, humans, and mosquitoes, respectively, in the simulation area
following a 5% increase or decrease in each parameter of our model. Graphs (d), (e), and (f) represent the change in the maximum number of infectious birds,
humans, and mosquitoes, respectively, in the simulation area after a 5% increase or decrease in each parameter of our model. Graphs (g), (h) and (i) represent the
change in the time of onset of these maxima in birds, humans and mosquitoes respectively, in the simulation area following a 5% increase or decrease in each
parameter of our model. The term "normal” is used to designate the estimated value in Table 1.

vector and host abundance, decreases in the extrinsic incubation period of vectors, and changes in the behavior and mobility
of human populations in the context of environmental and anthropogenic changes. The specific simulations produced in this
study also allow us to provide public health decision makers with information to better understand and prevent the risk of
WNV transmission in eastern Canada; a region experiencing rapid changes in conditions suitable for WNV proliferation.
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Appendix A. Parameter estimation
A.l. Estimation of c8M) and ¢(M:B)
We assume that:

cBM) — ¢MB) (Wonham et al., 2004)

In an experimental study [80] (Table 2), birds (jackdaws and house sparrows) were placed in cages in the presence of Culex.
Pipiens. Some of the results are summarized in the table below.

Table A.2
Bird species No. of mosquitoes in each assay per box (mean =+ SE) No. of engorged mosquitoes per box (mean + SE)
Jackdaws 49.7 + 6.2 36+1.0
House sparrow 53.0+7.7 69+13

The effective biting rate of CPR on a bird (jackdaws and house sparrows) is.

cMB) — ((3.6 /49.7) +(6.9 /53))/2 = 0.10 for 30 minutes (Gutiérrez-Lopez et al., 2019).
Yet the CPR is an active mosquito at the end of the day for approximately 1 h (Ryan et al., 2017). Therefore, the daily biting
rate

tday =2x t30 min — 0.2 (A4)

As 55.3% of blood meals collected from birds are from American robin (Khalil et al., 2021), therefore
cBM) = ¢(MB) — 0.2 x 0.553=0.11/day. (A1)

A.2. Estimation of cH#M) and ¢(MH)
We assume that:

C(HM) — C(M.H)

The rate of biting of human by mosquito (CPR) is approximately 0.08 per 25 min of a night of capture [70]. As the CPR is an
active mosquito at the end of the day for approximately 1 h (Ryan et al., 2017). Therefore, the daily biting rate

cHM) =2 4 x 0.08 = 0.192 (A2)
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A.3. Mosquito feeding rate

The mosquitoes feeding preferences to the two types of hosts (humans and birds) is less than 1, i.e. p 8 + p¥ < 1. This is
because mosquitoes can feed on other mammals (Abdelrazec et al., 2014). (A.3)

A.4. Human birth rate b

The crude birth rate, or the number of live births per 1000 population, was 9.3 for Ontario in 2020 (StatCan, 2022a).

9.5
H_____ =~ -
Therefore, b" = 1000 x 365 0.00003 (A4)

A.5. Human natural death rate d

Human death rate per 1000 population, was 7.8 for Ontario in 2020 (StatCan, 2022b).

7.8
H_____ " -
Therefore, d"” = 1000 x 365 0.0000214 (A.5)

A.6. Pathogen virulence to infectious human ay
The overall case fatality rate ranges from 4% to 14% in individuals exhibiting neuroinvasive disease (PHAC, 2010).
Very few people (less than 1% of those infected with the virus) will develop severe symptoms and health effects. Some

severe cases of the disease can be fatal (PHAC, 2015).
Therefore, Pathogen virulence to infectious human is estimated to be

9% (mean value) x 1% = 0.0009 (A6)

A.7. Recovery rate for human ry

West Nile fever is typically a mild illness lasting 3—6 days (PHAC, 2010). Therefore, recovery rate for human is estimated to
be 1/4.5 = 0.22 (mean value). (A.7)

A.8. Incubation period for human 1/0H

First symptoms usually appear within 2—15 days after infection (PHAC, 2015). Therefore, recovery rate for human is
estimated to be 8.5 (mean value). (A.8)

Appendix B
Abbreviation/word Description
WNV West Nile Virus
CA Cellular Automata
CPR Culex pipiens-restuans
SEIRDS - SEI Susceptible, Exposed, Infectious, Recovered, Dead - Susceptible, Exposed, Infectious
VBDs Vector-Borne Diseases
CFIA Canadian Food Inspection Agency
PHAC Public Health Agency of Canada
eBird Global bird monitoring project
BBS Breeding Bird Survey
NADS83 North American Datum 1983

Appendix C. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.idm.2024.01.002.
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