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A B S T R A C T   

Arctic rabies is an ongoing threat to human populations and domestic animals inpolar regions, where Arctic foxes 
(Vulpes lagopus) are the main reservoir hosts. Human-driven changes in resource availability are shifting the 
distribution of Arctic foxes and these changes may affect the risk of rabies transmission and spread. Our un
derstanding of the effects of broad-scale movement strategies in Arctic foxes and spatial distribution of resources 
on contact patterns among Arctic foxes, and their consequences on the dynamics of rabies epidemiology remains 
limited, in part, due to the difficulty of obtaining contact data from such remote and expansive regions. In this 
perspective, we built a spatially explicit agent-based model coupled with hidden Markov models to explore how 
Arctic fox movement behavior, combined with Arctic fox population density, resource availability and rabies 
transmission dynamics, affects the risk of infectious contact between Arctic foxes across heterogeneous land
scapes. The model was parameterized using a combination of unique field data collected in the Canadian High 
Arctic and published studies from other Arctic regions. A sensitivity analysis was performed to assess the effects 
of multiple model input parameters on contact rates among Arctic foxes. Our results showed that cumulative 
contact rates per fox were driven by predictors related to rabies transmission dynamics and fox carrying capacity, 
while unique contact rates per fox and unique infectious contact rates per rabid fox were best predicted by 
parameters associated with rabies transmission dynamics, fox movement behavior, and fox carrying capacity. 
Ultimately, our study provides new insights into the ecological drivers of rabies transmission and may inspire 
further research on modelling cost-effective rabies prevention strategies in the Arctic.   

1. Introduction 

Heterogeneity in the rate at which infectious individuals come into 
contact and transmit pathogens to susceptible individuals plays a key 
role in infectious disease dynamics (Wilson et al., 2002). Some hosts can 
contribute disproportionately to pathogen spread, which can lead to 
“super-spreading” events (Lloyd-Smith et al., 2005). Woolhouse et al. 
(1997) proposed the 20/80 rule, whereby 20% of the most infectious 
hosts in a given population are responsible for at least 80% of pathogen 
transmission. Because heterogeneity in pathogen transmission has major 
implications for disease management and prevention (VanderWaal and 
Ezenwa, 2016), it is important to identify the mechanisms inducing 

individual variation in the probability of transmitting pathogens given 
contact. Differences in physiology and behavior among hosts can 
contribute to such variation in pathogen acquisition (VanderWaal and 
Ezenwa, 2016). 

Host behavior is an important component for directly transmitted 
diseases (i.e., those requiring contact between a susceptible and an in
fectious individual), in particular when space use patterns affect the 
contact risk among potential hosts (Johnson and Hoverman, 2014; 
VanderWaal and Ezenwa, 2016). While social interactions can induce 
large variation in contact rates between individuals and create situations 
that facilitate pathogen transmission in the landscape (Altizer et al., 
2003), movement patterns can also influence the number of contacts 
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between individuals. Movement behavior can be characterized at 
different temporal and spatial scales (Benhamou, 2014). At coarse 
temporal resolutions, animal movement is often categorized into four 
strategies (migration, dispersal, nomadism, and sedentarism; sensu 
Bastille-Rousseau et al., 2016), while at finer temporal scales, movement 
can be classified as behavioral states (e.g., resting, searching, foraging) 
(Fryxell et al., 2008). Changes in movement behavior are driven by 
trade-offs between the costs of moving (e.g., energy loss, risk of mor
tality) and the benefits of resource acquisition (Bonte et al., 2012), and 
these changes can affect infectious disease dynamics in wildlife. While 
the interest of understanding the causes and ecosystem-level conse
quences of broad-scale animal movement strategies has led to the 
development of multiple modeling approaches (reviewed in Joo et al., 
2020), few studies have explored the effects of different broad-scale host 
movement strategies on zoonotic pathogen transmission (e.g., migration 
vs. sedentarism; Pruvot et al., 2016; Rayl et al., 2021). There are thus 
opportunities to use movement-based behavioral analyses to explore 
pathogen transmission risk among individuals (Dougherty et al., 2018). 

Rabies is one of the most widespread zoonotic diseases that threaten 
human and animal health (Fooks et al., 2014). This virus is responsible 
for approximately 59,000 human deaths worldwide and 8.6 billion US 
dollars in economic losses per year (Hampson et al., 2015). Several 
distinct strains of rabies virus circulate in multiple species of wild 
mammals (Baer, 1991; Warrell and Warrell, 2004). The Arctic strain of 
rabies is observed throughout Arctic and sub-Arctic regions, where the 
virus remains enzootic in wildlife (Crandell, 1991), thus posing a sig
nificant threat to public health (Mediouni et al., 2020). A person can 
contract rabies following a bite by a rabid wild animal or a domestic dog 
that became infected as a result of contact with a rabid wild animal 
(Mørk and Prestrud, 2004). The Arctic fox (Vulpes lagopus) is regarded as 
the primary reservoir host for Arctic rabies (Mørk and Prestrud, 2004; 
Simon et al., 2020). Arctic foxes are both opportunistic predators and 
scavengers of a wide variety of prey, and have a circumpolar distribution 
that spans inland and coastal habitats varying in rodent availability, 
which induces differences in feeding strategies (Angerbjörn et al., 2004). 
Arctic foxes relying on rodents, such as lemmings, are highly dependent 
on cyclical rodent population pulses occurring every three to five years 
(Bêty et al., 2002). Consequently, these lemming foxes can have large 
litters (up to 19 cubs) but show high variation in breeding success 
(Tannerfeldt and Angerbjörn, 1998). In contrast, Arctic foxes living in 
coastal habitats where cyclic rodents are absent, like Svalbard, Iceland 
and West Greenland, have access to relatively stable and predictable 
food resources among years, and their diet is diversified consisting of 
many marine food items that are largely available in summer, but 
limited in winter (e.g., carcasses of marine mammals and seabirds, 
crustaceans, and fishes) (Berteaux et al., 2017; Hersteinsson and Mac
donald, 1996; Prestrud, 1992). Consequently, these foxes produce fewer 
cubs per litter and their reproduction patterns are more stable compared 
to lemming foxes (Tannerfeldt and Angerbjörn, 1998). Resource avail
ability also has a large influence on movement behavior of Arctic foxes. 
It has been suggested that lemming foxes may travel longer distances 
than coastal ones in response to food shortages (Angerbjörn et al., 2004). 
In this context, changes in Arctic fox movement behavior could affect 
the risk of contact between individuals, with implications for rabies 
virus transmission. Several rabies models, often involving raccoons, red 
foxes, skunks and bats, have been used to investigate the influence of 
host density, host behavior (including movement and habitat selection) 
and landscape features (i.e., landscape composition and configuration) 
on rabies transmission and spread dynamics or contact risk (Brunker 
et al., 2018; Sararat et al., 2022; Smith et al., 2002; Tardy et al., 2018), 
and to test rabies control strategies (McClure et al., 2022, 2020; Newton 
et al., 2019). However, we lack an understanding of how Arctic fox 
movement behavior affects Arctic rabies transmission dynamics, partly 
due to the difficulty of obtaining contact data from remote and expan
sive areas of Arctic and sub-Arctic regions. In addition, the majority of 
existing Arctic rabies models do not explicitly incorporate mechanistic 

links between Arctic fox movement and landscape heterogeneity 
(Moran et al., 2021, 2022; Simon et al., 2019), which can lead to less 
accurate predictions of transmission events (Fofana and Hurford, 2017). 

We built a spatially explicit agent-based model (ABM) coupled with 
hidden Markov models to explore how broad-scale Arctic fox movement 
strategies, in concert with Arctic fox population density, spatial distri
bution of resources and rabies transmission dynamics, affect the risk of 
virus transmission among Arctic foxes across spatially heterogeneous 
landscapes. The objective of this study was addressed in two steps. First, 
we identified different broad-scale Arctic fox movement strategies using 
multi-year Argos satellite data. Then, we quantified the relative influ
ence of multiple ABM input parameters and explored their relationships 
with different metrics of contact rates, through a global sensitivity 
analysis. Using the ABM, we simulated Arctic fox populations varying in 
broad-scale movement strategies and individual densities across theo
retical landscapes that differed in spatial aggregation of resources. 

2. Materials and methods 

2.1. Characterization of broad-scale movement strategies 

We identified broad-scale movement strategies in 41 satellite- 
tracked Arctic foxes using net squared displacement (NSD) statistics 
with a discrete latent state model (a type of hidden Markov model) 
(Bastille-Rousseau et al., 2016) (see the subsection “Model parameteri
zation” for more details on telemetry data). The approach combining 
NSD statistics and a latent state model consisted in calculating NSD 
values from Argos-derived locations for each individual and fitting the 
frequency distribution of the NSD values with a latent state model based 
on a mixture of two normal distributions and one pseudo-uniform dis
tribution (Bastille-Rousseau et al., 2016). The NSD is calculated as the 
square of the Euclidean distance between the first location of an indi
vidual and each subsequent location of its movement path (Bunnefeld 
et al., 2011; Turchin, 1998). A latent state model defines three move
ment modes based on the frequency distribution of the NSD values: two 
encamped modes (1 and 2) that correspond to different foraging areas 
where movements are slow and meandering, and one exploratory mode 
(3) that is equivalent to a transitional movement mode allowing for fast 
and directed movements between these areas (Bastille-Rousseau et al., 
2016). The modes 1 and 2 are characterized by a normal distribution of 
the NSD values, while the mode 3 is defined by a pseudo-uniform dis
tribution of the NSD values (Bastille-Rousseau et al., 2016). The latent 
state model takes into consideration the temporal autocorrelation pre
sent in NSD time-series, and satisfies the Markov property according to 
which the behavioral state at a given time depends on the state at the 
previous time, which makes it possible to investigate the probabilities of 
switching between movement modes (see Bastille-Rousseau et al., 2016 
for the full expression of the likelihood of the latent state model). The 
criteria used to differentiate movement strategies are based on a 3 × 3 
matrix representing the probability of being in movement mode j at time 
t + 1 given that the individual was in mode i at time t (qij) for i, j ∈ {1,2,
3}, and the number of transitions between each mode (see Bastille-R
ousseau et al., 2016 for further details). A Bayesian modeling framework 
based on Markov chain Monte Carlomethods is used for estimating pa
rameters (Bastille-Rousseau et al., 2016). For each fox, we ran a model 
using three Markov chains and 5000 iterations. When the model did not 
converge, we reran the model by increasing the number of iterations (up 
to 250,000 iterations). The model was validated by visually comparing 
the NSD time-series to those in Bunnefeld et al. (2011) (double-sigmoid 
function = migration, sigmoid function = dispersal, linear function =
nomadism, and horizontal asymptotic function = sedentarism; see also 
Fig. 1 in Bastille-Rousseau et al., 2016). Finally, we tested how the 
characterization of movement strategies was sensitive to the starting 
date of the NSD time-series using a clustering technique (see Bas
tille-Rousseau et al., 2016 for more details). We varied the start date 
over the first 70 days of locations by taking 10 windows of locations of 7 
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days, and we ran the models with 25,000 iterations. The analysis of 
movement strategies using NSD statistics with a latent state model was 
performed with the lsmnsd package (version 0.0.0.9000; Bastille-R
ousseau et al., 2016) in the R statistical software (version 3.6.1; R 
Development Core Team, 2019). 

2.2. Model overview 

In this section, we provide a detailed ABM description following the 
Overview, Design concepts and Details (ODD) protocol (Grimm et al., 
2006, 2010, 2020). The model was implemented in R using the NetLogoR 
package (version 0.3.7; Bauduin et al., 2019). 

2.2.1. Purpose and patterns 
The ABM is designed to simulate broad-scale movement strategies of 

Arctic foxes from hidden Markov models (HMMs) that were parame
terized with telemetry location data and in which we incorporated 
covariates. Using this modeling framework in an epidemiological 
context, the purpose of the ABM is to identify the primary drivers of the 

risk of rabies transmission between Arctic foxes among host-specific 
(movement and carrying capacity), environmental (resource availabil
ity) and epidemiological predictors, and to explore their relationships 
across spatially heterogeneous landscapes. Given that rabies trans
mission events are broadly dependent on mechanisms modulating con
tact rates, we explored cumulative and unique contact patterns among 
simulated Arctic foxes emerging from the mechanistic movement pro
cess implemented in the ABM. The integration of a rabies transmission 
process in the ABM provides the possibility of evaluating the risk of 
rabies transmission between Arctic foxes through the analysis of unique 
infectious contact rates per rabid individual. 

2.2.2. Entities, state variables and scales 
The ABM integrates two layers representing the landscape and 

simulated Arctic foxes. Two types of entities are thus included in the 
model: landscape cells and Arctic foxes that are modelled as mobile 
individuals occupying the cells. State variables associated with each 
entity are either static (fixed during a given simulation) or dynamic 
(updated at each time step), and are listed in Table 1. 

As experiments involving a range of large landscapes with controlled 
spatial distribution of resources are often difficult to carry out and 
replicate, we generated a set of theoretical landscapes varying in spatial 

Fig. 1. Process overview. Flowchart of the ABM illustrating actions (rectangles) 
and decisions (diamonds). 

Table 1 
List of entities and their associated state variables used in the ABM. The type and 
description of the state variables, as well as the process in which the state var
iable is updated at each time step, are mentioned.  

Entity Type of 
state 
variable 

Description of state variable 
(unit) 

Process in which 
the state variable is 
updated 

Landscape 
cell 

Static Unique ID number  
Location (x, y) of the 
centroid (km)  
Resource availability (G) (0 – 
1)  

Arctic foxes Static Unique ID number  
Location (x, y) of the hotspot 
(i.e., resource-rich area) for 
migrating and dispersing 
individuals (km)  
Movement strategy 
(migration, dispersal, 
nomadism, or sedentarism)  
Incubation period (day)  
Infectious period (day)  
Probability of transmitting 
rabies according to the 
aggressive or dumb form of 
the virus (0 – 1)  
Probability of becoming 
infected (i.e., exposed to 
rabies but not yet infectious) 
through direct contact with 
an infectious individual (0 – 
1)  

Dynamic Location (x, y) of the current 
cell (km) 

Arctic fox 
movement 

Movement phase 
(emigration or transfer) 

Arctic fox 
movement 

Movement state (rest, 
outbound, search, forage, or 
inbound) 

Arctic fox 
movement 

Probability of leaving the 
natal cell (or den) (0 – 1) 

Arctic fox 
movement 

Cumulative number of 
movement steps during the 
transfer phase 

Arctic fox 
movement 

Health state (uninfected, 
exposed, or infectious) 

Rabies 
transmission 

Time since exposure to rabies 
(hour) 

Rabies 
transmission 

Time since the onset of rabies 
symptoms (hour) 

Rabies 
transmission  
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aggregation (clustering) of resources from mean-zero and variance-one 
Gaussian random fields (GRFs) with an exponential covariance func
tion (Fig. B.1 in Appendix B), similarly to Forester et al. (2009). We 
assumed that there is no nugget effect. GRFs have been used in several 
studies to model the spatial dependence of ecological processes, such as 
animal movement (e.g., Aarts et al., 2013; Bracis et al., 2015; Dupont 
et al., 2021). Our theoretical landscapes consisted of a grid of 700 
(rows) × 700 (columns) cells with a cell resolution of 1 km, which 
represents an area of 490,000 km2. The scale parameter ϕG that controls 
the level of autocorrelation between the grid cells varied from 10 to 250 
(ϕG = 10, 25, 50, 150, and 250). High values of ϕG generate landscapes 
composed of highly aggregated resources, while at low values of ϕG, 
resources are randomly distributed in the landscape. To improve the 
visual interpretation of the resulting resource gradient, the GRF values 
were scaled between 0 and 1 using a linear stretch method (Johnson 
et al., 2004) that takes the form: 

G(x) =
w(x) − wmin

wmax − wmin 

The term w(x) represents the GRF values at each location x = (x, y) in 
the landscape, and wmin and wmax correspond to the smallest and highest 
GRF values, respectively. The values of G can be interpreted as esti
mating the probability that the spatial location is in a resource-rich area 
(Tardy et al., 2021). For each landscape, we identified hotspots as areas 
of high resource availability where the values of G were above a 
threshold value (HTG), which varied from 0.6 to 0.8. High values of HTG 

reduce the number of hotspots in the landscape. The center of each 
hotspot was defined as the location with the highest value of G (Lai et al., 
2015). 

The ABM runs at discrete time steps of one hour. 

2.2.3. Process overview and scheduling 
The Arctic fox layer depends on the landscape layer based on two 

ecological processes that are described in the subsection “Submodels”: 
1) Arctic fox movement and 2) rabies transmission. The ABM evolves in 
a cell-based setting (Bian, 2003) in which the ecological processes act at 
the cell scale. Consequently, the context-dependencies (i.e., conspecific 
density and resource availability) operating in the movement process act 
at this scale. Fox individuals that are present in a given cell define a 
distinct open population (i.e., experiencing recruitment through immi
grations, or losses through deaths and emigrations). For simplicity, we 
assumed that the populations of simulated Arctic foxes were 
geographically closed (i.e., no death, immigration, or emigration from 
outside the landscape). All simulations were performed over a total 
period of 5000 h (~ 208 days), which corresponds to the sea ice period 
(October 25 – May 31). At each time step, each simulated Arctic fox can 
move to another cell according to movement rules that are defined from 
HMMs. Once individual locations are updated, rabies transmission 
success is evaluated between a susceptible fox and an infectious fox 
(Fig. 1). The simulation ends when the maximum number of steps is 
reached (i.e., 5000 steps) to avoid having simulated Arctic foxes moving 
all the time within the landscape. 

2.2.4. Design concepts 
The current version of the ABM does not include collectives. 
Basic principles: Given the ability of Arctic foxes to detect food re

sources on sea ice (Lai et al., 2015), the ABM integrates a foraging 
movement process that involves two phases, emigration from the den 
and transfer towards a hotspot, in which context-dependencies operate 
at the cell scale. The foraging trip during the transfer phase is modelled 
using HMMs that segment movement trajectories into different behav
ioral states based on time series of step lengths and turning angles 
(Langrock et al., 2012; Zucchini et al., 2017). Most input parameters of 
the simulated HMMs were estimated from satellite-tracked Arctic fox 
location data associated with four movement strategies (i.e., migration, 
dispersal, nomadism, and sedentarism; see the subsection 

“Characterization of broad-scale movement strategies” in the section 
“Results”). The HMMs were used to calculate state-switching probabil
ities as a function of covariates, which allows modulating behavioral 
decisions of Arctic foxes in response to environmental conditions. The 
ABM thus differs from other Arctic rabies models (Moran et al., 2021, 
2022; Simon et al., 2019) in that our model explicitly describes Arctic 
fox movement behavior and its interaction with the environment. 

Emergence: The simulated movement patterns associated with the 
four strategies (i.e., migration, dispersal, nomadism, and sedentarism) 
are affected by landscape characteristics. Combined with stochasticity in 
the movement process, this leads to the emergence of heterogeneous 
spatial distribution patterns among simulated Arctic foxes, giving rise to 
spatial heterogeneity in contact rates between individuals. 

Adaptation: During the emigration phase, simulated Arctic foxes 
decide to leave their natal cell (or den) based on the number of con
specifics within the cell. The probability of emigrating from the natal 
cell increases with increasing conspecific abundance. When an Arctic 
fox emigrates, the individual enters the transfer phase and moves to a 
landscape cell determined by the hidden Markov state process. The 
latter is simulated at each time step from an estimated state transition 
probability matrix. The probabilities of transitioning from one state to 
another depend on three covariates: distance from the current location 
to a hotspot, the time since departure from the den (or natal cell), and 
resource availability (see the subsection “Submodels” for more details 
on the movement process). 

Objectives: Simulated Arctic foxes move towards foraging areas 
within the landscape. Based on the sequences of foraging trips observed 
in satellite-tracked Arctic foxes, the movement trajectories of simulated 
foxes reflect a fitness-seeking behavior, with a larger amount of time 
spent in foraging rather than resource-searching behavior (see the sub
section “State sequences of foraging trips” in the section “Results”). In
dividuals can be constrained to forage in close proximity or away from 
their natal cell (or den), depending upon the hotspot locations. 

Learning: Simulated Arctic foxes change their behavior over time as a 
function of their previous experiences. These changes were modelled 
through simulated HMMs in which the behavioral state process has a 
Markov property, such that the future state depends on the current state, 
with the aim of predicting future movement. Fitted HMMs that were 
used to parameterize the simulated HMMs were applied in an unsu
pervised learning context to infer behavioral states from movement 
data. In an unsupervised learning context, behavioral state classification 
is based on step length and turning angle distributions, and is not vali
dated by direct observations of behaviors. 

Prediction: In the simulated HMMs of the ABM, the behavioral state 
process that is characterized by a transition probability matrix predicts 
the future state of simulated Arctic foxes, given their current state. The 
choice of the next cell thus relies on the previous experience with the 
objective for foxes to reach a hotspot or return to their den after a certain 
period of time. More information on the behavioral state process is given 
in the subsection “Submodels”. 

Sensing: Simulated Arctic foxes have knowledge of conspecific den
sity and habitat quality in their natal cell. Individuals move according to 
what they perceive in the landscape and can detect the presence of 
hotspots within their perceptual range. 

Interaction: Intraspecific competition for resources is implicitly 
modelled in the ABM. Density dependence in the emigration process 
operates at the cell scale where the presence of conspecifics is used as a 
cue for habitat quality. Individuals are more likely to leave their natal 
cell (or den) when conspecific density is high in the cell. 

Stochasticity: The theoretical landscapes are generated from GRFs, 
which gives rise to stochasticity in the spatial distribution of resources. 
Some ABM input parameters are drawn from probability distributions 
(Table 2). Stochasticity is also introduced into the ABM through the 
Arctic fox movement and rabies transmission processes where the 
occurrence of an emigration or transmission event is determined by a 
Bernoulli trial. Finally, the HMMs used in the Arctic fox movement 
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Table 2 
Description of input parameters that are included in the ABM.  

Symbol Description Range for the sensitivity analysis References 
Category: landscape 

ϕG Level of autocorrelation between the landscape cells 10, 25, 50, 150, 250  
HG Threshold value to define a hotspot [0.6, 0.8] Calibrated  

Category: Arctic fox carrying capacity 

K Carrying capacity of Arctic foxes in the landscape cells (/km2) [0.02, 0.1] (Angerbjorn et al., 1999)  

Category: Arctic fox movement 

μi Mean of the gamma distribution for the step lengths (km/hour) in 
state i (i = O for “outbound” state, i = S for “search” state, i = F for 
“forage” state, and i = I for “inbound” state) 

Migration Dispersal Nomadism Sedentarism  
μO: [2, 3] 
μS: [1.542, 2.125] 
μF: [0.083, 0.167] 
μI: [2.042, 2.875] 

μO: [2.083, 2.708] 
μS: [1.208, 2.125] 
μF: [0.167, 0.250] 

μS: [0.500, 
0.667] 
μF: [0.083, 
0.096] 

μS: [0.238, 
0.271] 
μF: [0.075, 
0.079] 

Estimated 

σi Standard deviation of the gamma distribution for the step lengths 
(km/hour) in state i (i = O for “outbound” state, i = S for “search” 
state, i = F for “forage” state, and i = I for “inbound” state) 

σO: [0.875, 1.708] 
σS: [0.833, 1.333] 
σF: [0.083, 0.167] 
σI: [0.875, 1.542] 

σO: [1.042, 1.542] 
σS: [0.792, 1.375] 
σF: [0.125, 0.208]  

σS: [0.500, 
0.625] 
σF: [0.067, 
0.079]  

σS: [0.383, 
0.438] 
σF: [0.054, 
0.058]  

Estimated 

κi Concentration of the von Mises distribution for the turning angles 
(radian) in state i (i = O for “outbound” state, i = S for “search” 
state, i = F for “forage” state, and i = I for “inbound” state) 

κO: [1.3, 4] 
κS: [0.6, 1.4] 
κF: [10− 7, 0.1] 
κI: [0.3, 1.5] 
NB: the values are on 
a logarithmic scale 

κO: [2.2, 4] 
κS: [1, 2.3] 
κF: [0.4, 0.9] 
NB: the values are on 
a logarithmic scale 

κS: [10− 7, 
0.1] 
κF: [10− 7, 
0.1]  

κS: [10− 7, 
0.1] 
κF: [10− 7, 
0.1]  

Estimated 

βij
k 

Regression coefficients for the transition probabilities from state i to 
state j as a function of covariates k (i,j = O for “outbound” state, i,j 
= S for “search” state, i,j = F for “forage” state, i,j = I for “inbound” 
state, 
k = G for resource availability, k = Dt for distance to hotspot at time 
t, and k = t − t0 for time since departure from den) 

βOS
0 : [3, 5] 

βOS
Dt

: [− 5, − 1] 
βSF

0 : [− 15, − 12] 
βSF

G : [16, 24] 
βSI

0 : [− 4, − 2] 
βSI

t− t0 : [2, 10] 
βFS

0 : [12, 15] 
βFS

G : [− 24, − 16] 

βOS
0 : [3, 5] 

βOS
Dt

: [− 5, − 1] 
βSF

0 : [− 15, − 12] 
βSF

G : [16, 24] 
βFS

0 : [12, 15] 
βFS

G : [− 24, − 16] 

βSF
0 : [− 15, 
− 12] 
βSF

G : [16, 24] 
βFS

0 : [12, 15] 
βFS

G : [− 24, 
− 16] 

βSF
0 : [− 15, 

− 12] 
βSF

G : [16, 24] 
βFS

0 : [12, 15] 
βFS

G : [− 24, 
− 16] 

Estimated or 
calibrated 

DMaxE Maximum emigration probability [0.4, 1] (Bocedi et al., 
2014) 

bE Inflection point of the density-dependent emigration function [0.5, 1.5] (Bocedi et al., 
2014) 

aE Slope at the inflection point of the density-dependent emigration 
function 

[0, 10] (Bocedi et al., 
2014)  

Category: rabies transmission 

ηR Rabies prevalence among Arctic foxes 
(0 –1) 

[0.007, 0.75] (Mørk and Prestrud, 2004;  
Rausch, 1972) 

υ Incubation period of rabies in Arctic foxes (day) gamma
(

shape =

μ2
υ

συ
, scale =

συ
μυ

)

, 

where μυ and συ 
are the mean 
and standard 
deviation of the 
gamma 
distribution, 
respectively 
μυ : [8,180], συ =

0.01 

(Mørk and Prestrud, 2004;  
Rausch, 1972) 

γ Infectious period of rabies in Arctic foxes (day) gamma
(

shape =

μ2
γ

σγ
, scale =

σγ

μγ

)

, 

where μγ and σγ 

are the mean 
and standard 
deviation of the 
gamma 
distribution, 
respectively 
μγ : [1,7], σγ =

0.01 

(Rausch, 1972) 

ρc  Probability of rabies transmission among Arctic foxes displaying behavior c when infectious (c = A for “furious” 
behavior and c = D for “dumb” behavior) 

ρA: [0.7, 0.9] 
ρD: [0.1, 0.3] 

Assumed 

ωc Weight for the probability of rabies transmission among Arctic foxes displaying behavior c when infectious (c = A for 
“furious” behavior and c = D for “dumb” behavior) 

ωA: [0, 1] 
ωD = 1 − ωA 

Assumed 

ε Probability of encountering conspecifics [0.2, 0.8] Assumed  
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process are stochastic models where each behavioral state is defined by a 
random walk (see the subsection “Submodels” for more details on the 
simulated HMMs). 

Observation: All dynamic state variables of each simulated Arctic fox 
are saved at the end of each time step. In particular, the location of the 
current cell, the health state and the success of rabies transmission are 
used to calculate the number of cumulative and unique contacts for each 
Arctic fox, as well as the number of unique infectious contacts for each 
rabid individual within a given cell at each time step. The average 
number of different contacts is saved after each simulation. Given that 
contacts can be distributed in different ways among individuals (Tardy 
et al., 2018) (e.g., five contacts for a given individual can be distributed 
as either five contacts with one conspecific or one contact with five 
different conspecifics), we calculated the average number of cumulative 
contacts per Arctic fox (i.e., the average number of conspecifics that 
have been in direct contact with a simulated fox) and the average 
number of unique contacts per Arctic fox (i.e., the average number of 
different conspecifics that have been in direct contact with a simulated 
fox). We also computed the average number of unique infectious con
tacts per rabid Arctic fox (i.e., the average number of different conspe
cifics that have been exposed to rabies following a direct contact with a 
simulated infectious fox). These metrics provide different information 
about contact events. Cumulative contact rates influence the probability 
of transmitting or contracting pathogens, whereas unique contact rates 
inform on the risk of super-spreading events (Tardy et al., 2018). A 
direct contact between two simulated Arctic foxes occurred when both 
foxes were present in the same cell at a given time. Finally, we calculated 
the proportion of time spent in each behavioral state characterizing the 
simulated foraging trip of each migrating, dispersing, nomadic or 
sedentary Arctic fox using the Viberti algorithm (see the subsection 
“Model parameterization” for more details). The average proportion of 
time spent in each state is saved after each simulation. 

2.2.5. Initialization 
Uninfected foxes are randomly distributed in the landscape cells with 

a number of individuals equal to K at least 100 cells apart from study 
area boundaries to avoid edge effects. We modelled rabies transmission 
dynamics by allowing a proportion of infectious foxes (ηR) to transmit 
the virus to their conspecifics. Infectious foxes displayed either a dumb 
or furious behavior (see the subsection “Submodels” for more details on 
the rabies transmission process”). The landscape cells in which each fox 
is located at the initial time are defined as natal cells (or dens). A hotspot 
was randomly assigned to each migrating and dispersing Arctic fox. The 
ABM does not use input data to represent time-varying processes. 

2.2.6. Submodels 
In the ABM, we integrated two submodels corresponding to two 

ecological processes: Arctic fox movement and rabies transmission. 
Arctic fox movement: Each Arctic fox has a probability of leaving 

its natal cell (or den) at a given time step t and this probability depends 
on the presence of conspecifics in the cell. The emigration probability 
(PE) is given by the following function introduced by Kun and Scheuring 
(2006): 

PE =
DMaxE

1 + e
−

(
Ni,t
Ki

− bE

)
aE

,

where Ni,t represents the number of simulated Arctic foxes in cell i at 
time t, Ki corresponds to the carrying capacity of foxes in cell i, and 
DMaxE is the maximum emigration probability. The parameters bE and 
aE define the inflection point of the density-dependent emigration 
function and the slope at the inflection point of the function, respec
tively. A Bernoulli trial determines if the Arctic fox emigrates or not from 
its natal cell. When the simulated fox does not emigrate from its natal 
cell, i.e. when Bern(PE) = 0, the fox stays in its natal cell and assumes a 
resting state. 

In the case where the fox emigrates from its natal cell, i.e. when 
Bern(PE) = 1, we simulated fox movement from HMMs whose most 
input parameters were estimated by fitting HMMs to Argos-derived lo
cations of Arctic foxes having movement patterns indicative of four 
movement strategies (i.e., migration, dispersal, nomadism, and seden
tarism) (Table 2). Full details on the telemetry location data can be 
found in the subsection “Model parameterization”. We assumed that the 
trajectories of migrating foxes consisted of four behavioral states (sensu 
Michelot et al., 2017): (1) “outbound” state (O) where movement is fast 
and highly directed from a den (or natal cell) to a resource-rich area (or 
hotspot), (2) “search” state (S) where movement is moderately fast with 
some directional persistence near the hotspot, (3) “forage” state (F) 
where movement is slow and non-directed within the hotspot, and (4) 
“inbound” state (or return; I) where movement is fast and highly 
directed from the hotspot to the den (Fig. 2). For Arctic foxes displaying 
a dispersal strategy, we considered three states to distinguish 
“outbound”, “search” and “forage” behaviors without a return trip to
wards the den (Fig. 2). Finally, we assumed that foxes in nomadic and 
sedentary movement strategies alternated between “search” and 
“forage” states, and these strategies differed in terms of step lengths and 
turning angles with more concentrated movements around the den for 
the sedentary behavior (Fig. 2). The Arctic fox movement in the “search” 
and “forage” states was modelled using correlated random walks 
(CRWs) where turning angles were drawn from a von Mises distribution 
with mean λ and concentration κ. Large κ values imply low variance of 
the von Mises distribution and, consequently, high directional persis
tence. We modelled the fox movement in the “outbound” and “inbound” 
states using biased random walks (BRWs) with attraction towards either 
the hotspot in the “outbound” state or the den in the “inbound” state by 
assuming that turning angles followed a von Mises distribution with 

mean ϕt and concentration κ, where ϕt = arctan
(

yp − yt
xp − xt

)
is the direction of 

the vector pointing from the current location (xt , yt) to a focal point (xp,

yp), i.e. the hotspot or den. For each state, we used a gamma distribution 
to draw step lengths. 

We used a non-observable (hidden) state process (St ∈ {O, S, F, I}) to 
describe state-switching dynamics. The state process is governed by a 
first-order Markov chain and, when combined with the observation 
process in which the behavioral states are modelled by the types of 
random walks conditional on the current state, defines a hidden Markov 
model (Zucchini et al., 2017) for Arctic fox movement. Assuming that 
the occurrence of a future state at time t + 1 depends on the current state 
at time t, the state process St was characterized by transition probabil
ities as follows: 

Γ =

⎛

⎜
⎜
⎝

γOO γOS 0 0
0 γSS γSF γSI
0 γFS γFF 0
0 0 0 γII

⎞

⎟
⎟
⎠ , where γij = Pr(St+1 = j|St = i) for i, j

∈ {O, S,F, I}

The probabilities that are non-zero allow the process to switch from 
one state to another state. We prevented some transitions by setting 
probabilities to zero. The matrix Γ was adjusted according to each 
movement strategy (e.g., the matrix Γ considered above corresponds to 
the migration strategy). The transition probabilities were expressed as a 
function of three covariates: (i) distance from the current location to a 
hotspot at time t (Dt) to model the fact that migrating or dispersing foxes 
make fast and directed movements away from their den, and tend to 
switch into other movement states once they reach a hotspot, (ii) the 
time since departure from the den (t − t0) to model the return towards 
the den, and (iii) resource availability (G) in the landscape to integrate 
another key aspect of foraging behavior whereby individuals tend to 
switch from a searching state to a foraging state with increasing resource 
availability, with tortuous and shorter movements in resource-rich areas 
compared to resource-poor areas. The covariate Dt influenced the 
probability of switching from the “outbound” state to the “search” state 
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(γOS) as follows: 

γOS =
eηOS

1 + eηOS
, where ηOS = βos

0 + βos
Dt
× Dt 

The covariate t − t0 affected the probability of switching from the 
“search” state to the “inbound” state (γSI). As there are several non-zero 
probabilities from the “search” state (i.e., γSF and γSI), the transition 
probability γSI depended on the covariate t − t0 through a multinomial 
logit link as follows: 

γSI =
eηSI

1 + eηSF + eηSI
, where ηSI = βSI

0 + βSI
t− t0 × (t − t0)

The values of G that were considered fixed over time influenced the 
probabilities of switching from the “search” state to the “forage” state 
(γSF) and from the “forage” state to the “search” state (γFS) as follows: 

γSF =
eηSF

1 + eηSF + eηSI
and γFS =

eηFS

1 + eηFS
, where ηSF

= βSF
0 + βSF

G × G and ηFS = βFS
0 + βFS

G × G 

The parameters βos
0 , βos

Dt
, βSI

0 and βSI
t− t0 , as well as the parameters for the 

step length and turning angle distributions, were estimated from the 
Argos-derived location data (see the subsection “Model parameteriza
tion” for further details on the fitted HMMs). For example, this results in 
eight parameters for the gamma-distributed steps and six parameters for 
the von Mises-distributed angles to estimate in the observation process 
of the four-state HMMs associated with the migration strategy (Table 2). 
The mean parameters of turning angles for the “outbound” and “in
bound” states were fixed to a large positive number (i.e., 100) to define 
the bias towards the hotspot or den (McClintock and Michelot, 2018). 
Due to constraints of environmental data availability, the range of 
possible values for the input parameters associated with the transition 
probabilities depending on the value of G (i.e., βSF

0 , βSF
G , βFS

0 , and βFS
G ) was 

chosen via a simple trial-and-error calibration procedure because pre
cision was not necessary to evaluate the effects of movement strategies 
on contact rates among simulated Arctic foxes. The remaining elements 
of the transition probability matrix were obtained so that the rows of the 
matrix sum to one, and thus varied with time. The fitted HMM param
eters were converted into hourly values to parameterize the simulated 
HMMs of the ABM. A simulated foraging trip started in the “outbound” 
state for the migration- and dispersal-type movement strategies, and in 
the “search” state for the nomadism- and sedentarism-type strategies. At 
each time step, the state process was simulated from the estimated 
transition probabilities, and a turning angle and a step length were then 
simulated from the estimated von Mises and gamma distributions, 
respectively. 

Rabies transmission: Rabies transmission events are evaluated at 
each time step. Virus transmission, which requires direct contact, could 
occur between simulated Arctic foxes when a susceptible fox (i.e., un
exposed to rabies) and an infectious fox shared the same cell during the 
same time step. The probability that a susceptible fox becomes infected 
(i.e., exposed to the virus, but not yet infectious) was defined by: 

PRT = 1 − (1 − ρc)
εIi,t ,

where Ii,t represents the number of infectious foxes in the same cell i at 
time t, ρc corresponds to the rabies transmission probability, and ε de
fines the probability of encountering conspecifics. A Bernoulli trial de
termines the success of rabies transmission. We varied the rabies 
transmission probability (ρc) according to behavioral changes from 
rabies infection (i.e., furious when the animal is dominated by aggres
sive behavior or dumb when the animal is characterized by increased 
paralysis) (Mørk and Prestrud, 2004). The rabies transmission proba
bility between a susceptible fox and a rabid fox increased when rabid 
foxes displayed aggressive behavior, whereas the transmission proba
bility decreased when rabid foxes had dumb behavior. In the ABM, 

Fig. 2. Examples of foraging trips of three simulated Arctic foxes. Movement trajectories of Arctic foxes having migration-type strategy (A), dispersal-type strategy 
(B), nomadism-type strategy (C) and sedentarism-type strategy (D) are shown. The four colours correspond to the most probable behavioral states that were decoded 
with the Viterbi algorithm. White squares indicate dens and white triangles define hotspots (or resource-rich areas). 
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exposed Arctic foxes became infectious after an incubation period (υ). 
Given that high virulence of rabies contributes to very low levels of 
natural immunity (Blancou et al., 2009) and serological surveys of Arctic 
fox populations are rare (but see Ballard et al., 2001 for an example), we 
supposed that rabies was 100% lethal after an infectious period (γ), 
similarly to Moran et al. (2021). The incubation and infectious periods 
were simulated from an Erlang distribution (i.e., gamma distribution 
with an integer shape parameter) (Krylova and Earn, 2013). 

2.3. Model parameterization 

The ABM input parameters associated with Arctic fox carrying ca
pacity and rabies transmission were defined from empirical and 
modeling studies on the Arctic fox and rabies virus. Most input param
eters related to the Arctic fox movement process were estimated by 
fitting HMMs to satellite-tracked Arctic fox location data. In total, 41 
adult Arctic foxes were initially captured on Bylot Island, Nunavut, 
Canada, from 2009 to 2014 and were tracked with Argos satellite collars 
that were programmed to transmit daily locations during one year. Raw 
satellite data were filtered and one location per day per individual was 
kept based on the smallest location error. Details on the capture pro
cedure and telemetry data, including duty cycles and filtering, are given 
in Lai et al. (2017). We estimated missing daily locations (9.31% of total 
locations) using continuous-time correlated random walk models as 
described in Johnson et al. (2008) to reduce uncertainty inherent to 
movement data. For our analyses, we selected movement records that 
encompassed one complete winter season corresponding to the sea ice 
period (October 25 – May 31) (Table A.1 in Appendix A). The sea ice 
period is of particular interest to explore various movement behaviors of 
Arctic foxes (Tarroux et al., 2010). Before performing the fitting of 
HMMs, we removed highly stationary location data based on 
one-dimensional time series plots of the locations, given that these data 
give little information and can increase numerical instability (Michelot 
et al., 2017). For the process of fitting HMMs to the telemetry location 
data, a cluster analysis was performed using migrating and dispersing 
Arctic fox locations to identify hotspot centroids. We used the TADPole 
clustering algorithm implemented in the dtwclust package (version 
5.5.10; Sardá-Espinosa, 2019) in R and based on 10 clusters, a cutoff 
distance of 1500 m, and a window size of 1 day. Each cluster was 
visualized for all individuals and we selected one cluster for each indi
vidual to reflect the location of key activity centers. HMM 
goodness-of-fit was evaluated for each movement strategy (i.e., migra
tion, dispersal, nomadism, and sedentarism) by checking the normality 
and temporal independence of pseudo-residuals for step lengths and 
turning angles. For simplicity and as explaining individual variation in 
transition probabilities was not our central goal, we modelled the 
behavioral states of all individuals combined without considering 
individual-level random effects in the HMMs (McClintock, 2021). The 
HMM fitting to the telemetry data was performed with the momen
tuHMM package (version 1.5.1; McClintock and Michelot, 2018) in R. In 
this package, the Viterbi algorithm is used to determine the most likely 
sequence of behavioral states (Zucchini et al., 2017), and the HMM 
parameters are estimated by likelihood maximization using a recursive 
algorithm (called the forward algorithm, Zucchini et al., 2017), which 
requires the specification of “good” starting values for step lengths and 
turning angles. Following the recommendations of Michelot et al. 
(2016), we fitted HMMs with several sets of starting values (N = 50) that 
were generated from a uniform distribution, and we selected the 
best-fitting HMM with the largest likelihood. 

2.4. Sensitivity analysis 

We performed a global sensitivity analysis (SA) to evaluate the 
sensitivity of Arctic fox contact patterns to variations in ABM input 
parameters. A total of 14 input parameters were included in the SA 
(Table 2): level of autocorrelation between the landscape grid cells (ϕG), 

threshold value to define a hotspot (HG), carrying capacity of Arctic 
foxes (K), large-scale movement strategy type (i.e., migration, dispersal, 
nomadism, and sedentarism) (MS), maximum emigration probability 
(DMaxE), inflection point of the density-dependent emigration function 
(bE), slope at the inflection point of the density-dependent emigration 
function (aE), rabies prevalence among Arctic foxes (ηR), incubation 
period of rabies in Arctic foxes (υ), infectious period of rabies in Arctic 
foxes (γ), probability of rabies transmission among Arctic foxes having 
the furious form of the virus (ρA), probability of rabies transmission 
among Arctic foxes having the dumb form of the virus (ρD), weight for 
the probability of rabies transmission among Arctic foxes having the 
furious form of the virus (ωA), and probability of encountering con
specifics (ε). We used a Latin hypercube sampling scheme to sample 150 
different parameter combinations from a uniform probability distribu
tion, satisfying the minimum value of 4N

3 , where N is the number of input 
parameters (McKay et al., 1979). Because our ABM included stochas
ticity in the spatial distribution of resources due to the stochastic algo
rithm of GRFs, we generated 10 replicated landscapes for each 
parameter combination, resulting in a total of 1500 simulations. 

Similarly to our previous papers (Tardy et al., 2021, 2022), we built 
boosted regression tree (BRT) models (Elith et al., 2008) to assess the 
relative contribution of each input parameter in predicting ABM output 
variables, and to identify which of the parameters had the highest effect 
on these output variables. We used the average number of cumulative 
contacts per Arctic fox, the average number of unique contacts per Arctic 
fox, and the average number of unique infectious contacts per rabid 
Arctic fox as output variables. A Gaussian error structure was used for 
the loss function of the BRT models. The contact rates were 
log-transformed in the BRT models to achieve variance homogeneity 
and to obtain Gaussian error distributions. We tested several combina
tions of learning rate (0.01, 0.005, 0.001), tree complexity (1 – 5) and 
bag fraction (0.5, 0.7, 0.9) to determine optimal settings for the BRT 
models. We selected the parameter combination with the lowest 10-fold 
cross-validation deviance to fit the final BRT model. We also evaluated 
the relative contribution of the input parameters based on their effect on 
the ecological processes that are implemented in the ABM. The input 
parameters belonged to four categories: landscape, carrying capacity of 
Arctic foxes, Arctic fox movement, and rabies transmission (Table 2). We 
visualized the relationships between the output variables and the most 
influential input parameters with partial dependence plots in which 95% 
confidence intervals were obtained from 500 bootstrap replicates. We 
tested the significance of the strongest interactions using 100 bootstrap 
resampling iterations (Pinsky and Byler, 2015). The BRT models were 
built from the dismo (version 1.1.4) and ggBRT (version 0.0.0.9000) 
packages in R (Hijmans et al., 2020; Jouffray et al., 2019). 

3. Results 

3.1. Broad-scale movement strategies 

The analysis of the NSD time-series of Arctic foxes (N = 41) using 
NSD statistics with a latent state model showed inter-individual varia
tions in coarse-scale movement strategies. We found that 66% (N = 27) 
of Arctic foxes were sedentary individuals with probabilities of switch
ing from one movement mode to another of q22 ≤ 0.90 and q33 ≤ 0.90. 
The results also revealed that 12% (N = 5) of foxes had patterns of 
transition between the modes similar to nomadic strategy (q11 > 0.95, 
q22 > 0.90, and q33 ≤ 0.85), and 12% (N = 5) of foxes displayed 
dispersal behavior (q11 > 0.95, q22 > 0.95, and q33 > 0.85). Finally, 
10% (N = 4) of foxes showed migration behavior with transition prob
abilities of q11 > 0.95, q22 > 0.95 and q33 > 0.85, together with the 
presence of transition back from the second encamped mode. The clas
sification of large-scale movement strategies in Arctic foxes was not 
sensitive to variation in the starting date of the NSD time-series. On 
average, overall agreement for the classification of strategies was 91% 
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(range: 72 – 100%). At the daily level, we found that 82% of monitoring 
days had > 80% agreement (range: 28 – 100%) among the iterations, 
and 65% of days had > 95% agreement (range: 9 – 100%). 

3.2. State sequences of foraging trips 

Given the fitted HMMs for each movement strategy, the analysis of 
pseudo-residuals for the step lengths and turning angles showed that the 
pseudo-residuals were approximately normally distributed (Fig. C.1–C.4 
in Appendix C). There was some autocorrelation in the pseudo-residuals, 
in particular for the step lengths from the 2-state HMM fitted to the 
Argos tracking data of sedentary Arctic foxes (Fig. C.1–C.4 in Appendix 
C), which can suggest the need for adding more states or covariates. 
However, model complexity can make biological interpretation of states 
difficult and lead to unstable parameter estimation (Pohle et al., 2017). 
Our choice of the number of states was based on the results of the 
analysis of the NSD time-series using NSD statistics with a latent state 
model, as well as the ecology of Arctic foxes and the constraints of 
available environmental data. The fitted HMMs revealed that sedentary 
Arctic foxes spent 79% of their time foraging (range: 44 – 100%) and 
23% of their time searching for resource-rich foraging areas (range: 1 – 
56%). Nomadic Arctic foxes were in the foraging state 80% of their time 
(range: 70 – 91%) and in the searching state 20% of their time (range: 9 – 
30%). We found that migrating foxes allocated 39% of their time to 
foraging behavior (range: 5 – 59%), 25% of their time searching for 
resource-rich foraging areas (range: 20 – 33%), 21% of their time to the 
inbound trip from the foraging area (or hotspot) to the den (range: 10 – 
45%), and 15% of their time to the outbound trip from the den to the 
foraging area (range: 5 – 30%). Dispersing foxes were in the outbound 
trip 41% of their time (range: 3 – 77%), in the foraging state 40% of their 
time (range: 14 – 83%), and in the searching state 19% of their time 
(range: 2 – 39%). In addition, the fitted HMMs showed that the transi
tion probabilities from “outbound” to “search” states for Arctic foxes 
displaying migration and dispersal behaviors decreased with increasing 
distance to the hotspot. Migrating and dispersing Arctic foxes tended to 
perform searching activities for resource-rich areas when they were 
located at less than 400 km from these areas (Fig. 3A and B). Finally, we 
observed that the transition probabilities from “search” to “inbound” 
states for Arctic foxes having migration behavior increased when the 
time since departure from the den was high. Migrating foxes tended to 
start returning to their den after about 60 days (Fig. 3.C). These patterns 
were reproduced by the ABM. 

3.3. Contact rates among Arctic foxes 

The BRT models performed well for quantifying the relative contri
bution of each ABM input parameter on contact rates among Arctic 
foxes, with 10-fold cross-validation deviance explained ranging from 
82% to 99% and with cross-validated correlation ranging from 0.91 to 
0.99 (Table D.1 in Appendix D). In the sections below, we describe the 
relationships between contact rates among Arctic foxes and the most 
influential input parameters (≥10% relative influence). The relative 
influence of each input parameter is provided in Appendix D (Fig. D.1). 

The average number of cumulative contacts per Arctic fox was 
mainly influenced by input parameters associated with rabies trans
mission dynamics (73% relative influence) and carrying capacity of 
Arctic foxes (15% relative influence; Table D.2 in Appendix D). The 
output variable was best predicted by a negative relationship with 
increasing prevalence of rabies in Arctic foxes (ηR; 63% relative influ
ence; Fig. 4.A). In contrast, a positive relationship was observed for 
carrying capacity of Arctic foxes in the landscape cells (K; 15% relative 
influence; Fig. 4.A), meaning that high cumulative contact rates were 
associated with high Arctic fox densities (range: 0.07 – 0.1 individuals/ 
km2). The strongest pairwise interaction was high (interaction size: 
10.24) and significant (p < 0.05), reflecting the interacting effects of the 
most influential predictors with cumulative contact rates being highest 

in areas where prevalence of rabies was low and Arctic fox density was 
high (Fig. D.2 in Appendix D). The other interactions between predictors 
were weak (interaction size < 3.1). 

The average number of unique contacts per Arctic fox was mainly 
influenced by input parameters associated with rabies transmission 
dynamics (46% relative influence), Arctic fox movement (36% relative 
influence), and carrying capacity of Arctic foxes (16% relative influence; 
Table D.2 in Appendix D). Three predictors contributed most strongly to 
predicting the output variable: prevalence of rabies in Arctic foxes (ηR; 
40% relative influence; negatively correlated), movement strategy type 
(35% relative influence; sedentarism < nomadism < migration <
dispersal), and carrying capacity of Arctic foxes in the landscape cells (K; 
16% relative influence; positively correlated; Fig. 4.B). The strongest 
pairwise interaction was low (interaction size: 3.55) and not significant 
(p > 0.05), reflecting the additive rather than interactive effects of the 
most influential predictors. A significant difference in unique contact 
rates was found between migration and dispersal strategies, with higher 
unique contact rates per individual observed among dispersing Arctic 
foxes (Fig. 5.A; two-sided pairwise Wilcoxon rank-sum test with Bon
ferroni correction: W = 35,811 and p < 0.0001). There were also sig
nificant differences in unique contact rates between these two strategies 

Fig. 3. Transition probabilities between states as a function of time-varying 
covariates. Plots representing transition probabilities from “outbound” to 
“search” as a function of distance to hotspot (km) for dispersing Arctic foxes 
(A), transition probabilities from “outbound” to “search” as a function of dis
tance to hotspot (km) for migrating Arctic foxes (B), and transition probabilities 
from “search” to “inbound” as a function of time since departure (day) from den 
for migrating Arctic foxes (C). 
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and those associated with nomadism- and sedentarism-type movements 
(Fig. 5.A; two-sided pairwise Wilcoxon rank-sum test with Bonferroni 
correction: W = 98,641 and p < 0.0001 for migration vs. nomadism, W 
= 96,195 and p < 0.0001 for migration vs. sedentarism, W = 119,418 
and p < 0.0001 for dispersal vs. nomadism, W = 107,179 and p < 0.0001 
for dispersal vs. sedentarism, W = 127,573 and p < 0.0001 for 
nomadism vs. sedentarism). Migrating Arctic foxes displayed higher 
unique contact rates when they spent <40% of their time in the 
“outbound” state rather than in the other states (Fig. 6.A; two-sided 
pairwise Wilcoxon rank-sum test with Bonferroni correction: W =
21,151 and p < 0.0001 for outbound vs. search, W = 20,921 and p <
0.0001 for outbound vs. forage, W = 20,038 and p < 0.0001 for 
outbound vs. inbound). We observed higher unique contact rates among 
dispersing Arctic foxes when these foxes allocated <50% of their time in 

the “outbound” state than in the other states (Fig. 6.B; two-sided pair
wise Wilcoxon rank-sum test with Bonferroni correction: W = 35,574 
and p < 0.0001 for outbound vs. search, W = 38,460 and p < 0.0001 for 
outbound vs. forage). Unique contact rates among dispersing Arctic 
foxes increased when they invested more time in the “search” and 
“forage” states (>50% of their time) (Fig. 6.B; two-sided pairwise Wil
coxon rank-sum test with Bonferroni correction: W = 212 and p <
0.0001 for outbound vs. search, W = 77 and p < 0.0001 for outbound vs. 
forage, W = 345 and p = 1 for search vs. forage). 

The average number of unique infectious contacts per rabid Arctic 
fox was mainly influenced by input parameters associated with rabies 
transmission dynamics (71% relative influence), carrying capacity of 
Arctic foxes (15% relative influence), and Arctic fox movement (13% 
relative influence; Table D.2 in Appendix D). A negative relationship 

Fig. 4. Relationships between the most influential predictors and contact rates among Arctic foxes. Partial dependency plots with bootstrapped 95% confidence 
intervals (red) predicting (A) the average number of cumulative contacts per individual, (B) the average number of unique contacts per individual, and (C) the 
average number of unique infectious contacts per rabid individual. The contact rates were log-transformed. Black tick marks at the top of each plot represent the 
distribution of raw contact rates across each predictor. Relative influence (%) of the most influential predictors (≥10% relative influence) is shown in parentheses. ηR: 
prevalence of rabies virus in Arctic foxes; K: carrying capacity of Arctic foxes in the landscape cells; MS: large-scale movement strategy type (migration, dispersal, 
nomadism and, sedentarism); γ: infectious period of rabies in Arctic foxes. 
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with increasing prevalence of rabies in Arctic foxes was the main pre
dictor of the output variable (ηR; 41% relative influence; Fig. 4.C). The 
latter also displayed a positive relationship with increasing carrying 
capacity of Arctic foxes in the landscape cells (K; 15% relative influence) 
and with increasing infectious period (γ; 15% relative influence; Fig. 4. 
C). Finally, the movement strategy type was also an influential predictor 
of the output variable (10% relative influence; sedentarism < nomadism 
< migration < dispersal; Fig. 4.C). The strongest pairwise interaction 
was low (interaction size: 0.58) and not significant (p > 0.05), reflecting 
the additive rather than interactive effects of the most influential pre
dictors. There was no significant difference between migration and 
dispersal strategies in unique infectious contact patterns among rabid 
Arctic foxes (Fig. 5.B; two-sided pairwise Wilcoxon rank-sum test with 

Bonferroni correction: W = 50,879 and p = 1), but significant differ
ences were observed between these strategies and those associated with 
nomadism- and sedentarism-type movements (Fig. 5.B; two-sided pair
wise Wilcoxon rank-sum test with Bonferroni correction: W = 95,945 
and p < 0.0001 for migration vs. nomadism, W = 78,568 and p < 0.0001 
for migration vs. sedentarism, W = 93,943 and p < 0.0001 for dispersal 
vs. nomadism, W = 78,841 and p < 0.0001 for dispersal vs. sedentarism, 
W = 104,262 and p = 0.012 for nomadism vs. sedentarism). Migrating 
Arctic foxes exhibited higher unique infectious contact rates when they 
spent <40% of their time in the “outbound” state rather than in the other 
states (Fig. 6.C; two-sided pairwise Wilcoxon rank-sum test with Bon
ferroni correction: W = 22,254 and p < 0.0001 for outbound vs. search, 
W = 22,266 and p < 0.0001 for outbound vs. forage, W = 20,736 and p 
< 0.0001 for outbound vs. inbound). Unique infectious contact rates 
among migrating Arctic foxes increased when they invested more time 
in the “forage” and “inbound” states (>40% of their time) (Fig. 6.C; two- 
sided pairwise Wilcoxon rank-sum test with Bonferroni correction: W =
0 and p < 0.0001 for outbound vs. forage, W = 1230 and p < 0.0001 for 
outbound vs. inbound, W = 4 and p = 0.036 for search vs. forage, W = 95 
and p = 1 for search vs. inbound, W = 200 and p = 1 for forage vs. in
bound). We found higher unique infectious contact rates among 
dispersing Arctic foxes when these foxes spent <50% of their time in the 
“outbound” state than in the other states (Fig. 6.D; two-sided pairwise 
Wilcoxon rank-sum test with Bonferroni correction: W = 33,236 and p <
0.0001 for outbound vs. search, W = 37,604 and p < 0.0001 for 
outbound vs. forage). Dispersing Arctic foxes had a greater chance to 
become infected following contact with a rabid conspecific when they 
invested more time in the “forage” state (>50% of their time) (Fig. 6.D; 
two-sided pairwise Wilcoxon rank-sum test with Bonferroni correction: 
W = 0 and p < 0.0001 for outbound vs. forage, W = 157 and p = 0.0008 
for search vs. forage). We tested other correction methods (i.e., 
Benjamini-Hochberg and Benjamini-Yekutieli) for multiple comparisons 
using the Wilcoxon rank-sum test, and the results for all contact mea
sures were similar to those obtained with Bonferroni correction. 

4. Discussion 

Arctic rabies is an enzootic disease in Arctic and sub-Arctic regions, 
which poses a serious threat to human and animal health (Mørk and 
Prestrud, 2004). Despite a growing body of literature covering the 
ecology of Arctic foxes, important knowledge gaps exist regarding the 
ecology of the Arctic rabies virus, which includes the influence of host 
behavior on rabies transmission events (Simon et al., 2020). In partic
ular, the ecological processes modulating contact rates among Arctic 
foxes are often speculative, limiting our understanding of the conse
quences of environmental changes on rabies dynamics in the Arctic. We 
built the first spatially explicit agent-based model for Arctic fox rabies in 
which HMMs were used to mechanistically simulate broad-scale move
ment strategies (migration, dispersal, nomadism, and sedentarism) in 
Arctic foxes. Our results showed that rabies transmission dynamics and 
fox carrying capacity were key predictors of cumulative contact rates 
among Arctic foxes, while rabies transmission dynamics, fox movement 
behavior and fox carrying capacity determined unique contact rates. 

4.1. Contact patterns in Arctic fox populations 

We found differences between cumulative and unique contact rates. 
Our results revealed that low prevalence of rabies among Arctic foxes (0 
– 0.2%) and increased carrying capacities of Arctic foxes (0.07 – 0.1 
foxes/km2) resulted in high cumulative contact rates between Arctic 
foxes, with an increase in fox home range overlap tending to occur in 
areas where resources were clustered and scarce (hotspots with resource 
availability values > 0.78). In our study, low prevalence of rabies allows 
maintaining Arctic fox populations at high density levels preventing 
their extinction. Field studies showed that prevalence of rabies was low 
among Arctic foxes (0.3% – 3%), suggesting that the virus is not endemic 

Fig. 5. Distribution of unique contact rates per Arctic fox for each movement 
strategy. Boxplots represent the distribution of raw values of unique contact 
rates per Arctic fox (A) and unique infectious contact rates per rabid Arctic fox 
(B). Horizontal lines indicate the median value of raw data, boxes represent the 
interquartile range (25th to 75th percentile), vertical lines correspond to ± 1.5 
times the interquartile range to the 25th and 75th percentiles. Outliers (i.e., 
points beyond 1.5 times the interquartile range) are represented by points. All 
comparisons between states were performed using a two-sided pairwise Wil
coxon rank-sum test with Bonferroni correction. **** p < 0.0001; *** p <
0.001; ** p < 0.01; * p < 0.05; ns = not significant. 
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in local Arctic fox populations, but is occasionally introduced by foxes 
migrating on sea ice (Prestrud et al., 1992). From the ABM simulations, 
cumulative contact rates increased nonlinearly with Arctic fox density, 
and tended to saturate at higher individual densities, indicating that 
rabies transmission among Arctic foxes should be intermediate between 
density- and frequency-dependent transmission (Smith et al., 2009). The 
nonlinear nature of the relationship between contact rates and indi
vidual density results from changes in state-switching movement dy
namics with resource availability. Our results showed a higher relative 
influence of the landscape on the number of cumulative contacts per fox 
compared to the number of unique contacts per fox. Landscape hetero
geneity can produce scarce hotspots of resources, and resource scarcity 
can lead to higher Arctic fox densities around scavenged carcasses, and 
thus create opportunities for pathogen transmission by close contact 
(Simon et al., 2020). For example, Arctic foxes can congregate in large 
numbers in resource-rich areas during extraterritorial foraging of adults 
in winter (December – February), which can increase contact rates be
tween individuals (Lai et al., 2015). 

In addition, our results revealed that low prevalence of rabies among 
Arctic foxes (0 – 0.2%), dispersal-type movement strategy, and increased 
carrying capacities of Arctic foxes (0.07 – 0.1 foxes/km2) induced high 
unique contact rates between Arctic foxes. Using the ABM simulations, 
we observed that unique contact rates increased among dispersing 
Arctic foxes when they allocated <50% of their time to the outbound 
trip, suggesting areas at highest risk for unique contacts between 
dispersing Arctic foxes are those not too far away from dens. The 
outbound trip, which is characterized by fast and highly directed 
movements, occurs when a fox leaves its den to search for new resources. 
It then follows a transitional phase of searching activity (where move
ment is moderately fast with some directional persistence near resource- 

rich areas) between the outbound state and the foraging state (where 
movement is slow and non-directed within resource-rich areas). 
Dispersing Arctic foxes investing more time in searching and foraging 
activities (>50% of their time) were more likely to have contact with 
different conspecifics. This pattern was also observed for Arctic foxes 
displaying a migration-type movement strategy (the second at-risk 
strategy). These foxes exhibited higher unique contact rates when they 
spent <40% of their time in the outbound state. From the fitted HMMs, 
migrating and dispersing Arctic foxes tended to engage in searching 
activities for resource-rich areas when they were located less than 400 
km from these areas. Despite a large number of studies showing the 
important role of animal migration in long-distance spread of pathogens 
(Fritzsche McKay and Hoye, 2016; Risely et al., 2018; Satterfield et al., 
2018), the demonstration of the impact of dispersal behavior on path
ogen transmission remains limited (Boulinier et al., 2016). Our results 
suggest that the dispersal-type movement strategy has the potential to 
act as a super-spreading process as this strategy is likely to increase the 
number of unique contacts with other conspecifics compared to migra
tion, nomadism and sedentarism behaviors. As observed for migrating 
host individuals (Teitelbaum et al., 2018), it is expected that dispersing 
host individuals that visit multiple sites across a broad geographic range 
would be more likely to be exposed to a high number and diversity of 
pathogens, owing to increased contacts with other host individuals 
(Shaw et al., 2018). Arctic foxes can move over long distances outside 
their home range (Lai et al., 2017; Tarroux et al., 2010). For example, an 
Arctic fox travelled 4,415 km in four months between Svalbard (Nor
way) and Ellesmere Island (Canada) (Fuglei and Tarroux, 2019). How
ever, our simulation results suggest that a dispersal strategy over such 
long distances is not the most critical for Arctic rabies transmission. It 
has been shown that reduced long-distance movements of hosts could 

Fig. 6. Distribution of unique contact rates per migrating and dispersing Arctic fox for each movement state according to two levels of proportion of time spent in the 
states. Boxplots represent the distribution of unique contact rates per migrating Arctic fox (A), unique contact rates per dispersing Arctic fox (B), unique infectious 
contact rates per migrating rabid Arctic fox (C), and unique infectious contact rates per dispersing rabid Arctic fox (D). Horizontal lines indicate the median value of 
raw data, boxes represent the interquartile range (25th to 75th percentile), vertical lines correspond to ± 1.5 times the interquartile range to the 25th and 75th 
percentiles. Outliers (i.e., points beyond 1.5 times the interquartile range) are represented by points. All comparisons between the states were performed using a two- 
sided pairwise Wilcoxon rank-sum test with Bonferroni correction. **** p < 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.05; ns = not significant. 
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favor pathogen transmission by increasing host exposure to contami
nated habitats where pathogens have accumulated in the environment 
over time (Hall et al., 2014). 

Finally, we found that low prevalence of rabies among Arctic foxes (0 
– 0.2%), increased carrying capacities of Arctic foxes (0.07 – 0.1 foxes/ 
km2), high infectious periods (4 – 7 days), and long-distance movement 
strategies (i.e., migration and dispersal) led to high unique infectious 
contact rates from rabid Arctic foxes. Long infectious periods are 
required to favor infectious contacts and thus to maintain rabies even in 
populations at high Arctic fox densities. Generally, the infectious period 
of rabies varies between one and seven days, and Arctic foxes can die 
between one and three days after the onset of symptoms (Konovalov 
et al., 1965). No significant difference in unique infectious contact 
patterns among Arctic foxes was found between migration and dispersal 
strategies, but these two strategies produced higher unique infectious 
contact rates compared to nomadism- and sedentarism-type movement 
strategies. The trend observed in the unique infectious contact patterns 
among migrating and dispersing Arctic foxes was similar to that found in 
the unique contact patterns, with migrating and dispersing Arctic foxes 
displaying higher unique infectious contact rates when they spent <40% 
and <50% of their time in the outbound trip, respectively, rather than in 
the other states. Unique infectious contact rates were amplified among 
dispersing Arctic foxes when they invested more time in foraging ac
tivities (>50% of their time), while for migrating Arctic foxes, the 
chance to become infected after contact with a rabid conspecific 
increased when they allocated more time in both foraging and inbound 
trips (>40% of their time). To model the return to the den, the state 
sequence alternates first with the foraging and searching trips, and 
finally is forced to remain in the inbound trip until the end of a given 
simulation. Migrating Arctic foxes increased their time spent in the in
bound trip when they moved across several foraging areas, and tended 
to cross previously visited areas in order to return to their den. This can 
produce contact events with conspecifics that are located close to 
foraging areas. Our results show that consideration of the allocation of 
time to behavioral states is important for judging the risk of Arctic rabies 
transmission. In particular, increased proportion of time engaged in 
foraging activities that align with reduced long-distance movement 
strategies is likely to promote infectious contacts. Although several field 
and modeling studies have shown that the influence of resource avail
ability can produce a large range of disease outcomes in foraging hosts 
(reviewed in Altizer et al., 2018; Becker et al., 2015), rabies models 
incorporating behavioral state analysis provide an under-explored 
avenue for investigating contact dynamics and rabies transmission. 

4.2. Implications for Arctic rabies management 

Rabies management strategies that are traditionally used to prevent 
or control rabies virus circulation in wildlife include oral rabies vacci
nation (ORV), trap-vaccinate-release, population reduction, and fertility 
control (Elmore et al., 2017; Sterner and Smith, 2006). Our results 
revealed that contact rates between Arctic foxes increased following a 
nonlinear saturating function of individual density, suggesting that 
rabies transmission among Arctic foxes should be intermediate between 
density- and frequency-dependent transmission. Consequently, reduc
tion in fox density may not be an optimal strategy as rabies transmission 
among Arctic foxes is not only density-dependent (i.e., contact rates 
varying linearly with individual density). Rabies management under 
Arctic conditions represents a challenge. However, ORV has been shown 
to be effective for eliminating rabies among Arctic foxes, especially 
when areas containing high densities of foxes (e.g., anthropogenic areas) 
are targeted for bait distribution (Follmann et al., 2011, 2004). Given 
that Arctic foxes exhibit a high detection ability of localized food re
sources such as marine carrion on sea ice (Lai et al., 2015), the use of 
feeding sites to deliver oral rabies vaccines may thus be an effective 
strategy on condition of minimizing risks to human and animal health 
(e.g., exposure to pathogens) (Becker et al., 2015; Civitello et al., 2018; 

Murray et al., 2016). Murray et al. (2016) recommend to 1) provide 
nutritionally complete food for target host species, 2) make food re
sources available at low densities for reduced time periods at unpre
dictable sites to avoid individual concentration, which can increase 
pathogen transmission, and 3) avoid feeding activities during epidemics, 
host migration, and birth pulses. 

Characterizing the spreading abilities of host individuals and, in 
particular, identifying super-spreaders is of high interest for disease 
managers because control strategies targeting super-spreaders will 
greatly increase the efficiency of control efforts compared to population- 
level strategies (Lloyd-Smith et al., 2005). We found that migrating and 
dispersing Arctic foxes had more chance than nomadic and sedentary 
Arctic foxes to act as super-spreaders. The multi-annual cycles of 
lemming populations may shape large-scale movements of Arctic foxes 
(Angerbjorn et al., 1999; Norén et al., 2011). In particular, after a 
lemming peak, a large number of lemming foxes may move over long 
distances across sea ice and immigrate into coastal habitats (Norén et al., 
2011). We expect that contact dynamics change when temporal fluctu
ations in prey resources are incorporated into the ABM. The cyclic na
ture of lemming populations is likely to affect the dynamics of rabies 
epizootics in a complex way. For example, Simon et al. (2019) found 
that strong demographic fluctuations in prey populations induced less 
regular and more intense rabies outbreaks, with rabies epizootics not 
following the pattern of Arctic fox density. However, there is little 
knowledge about seasonal variations in contact rates among Arctic foxes 
(Simon et al., 2020). In addition, the main ecological drivers of 
large-scale movements of Arctic foxes are still unclear and more research 
is needed to identify them (Lai et al., 2017). Ideally, denning sites for 
Arctic foxes in inland (lemming) habitats should be targeted for future 
rabies control interventions using ORV during the fall season, before 
foxes potentially disperse or migrate to resource hotspots across sea ice. 
The location of denning sites seems predictable as Arctic foxes select 
preferentially south-facing mounds or steep slopes, sandy substrate and 
streamside cutbanks to excavate their dens (Szor et al., 2008). However, 
to date, ORV planning is challenging due to the difficulty to find active 
dens with fox presence in High Arctic regions. Predicted probability 
maps of den site selection (e.g., Crupi et al., 2020; Davies et al., 2016) 
would be useful for identifying sites with a high probability of fox den 
presence and supporting ORV planning. 

Our ABM describes density-dependent transmission of an infectious 
pathogen within a single host species. However, Arctic rabies can be 
maintained by a secondary reservoir species, the red fox (Vulpes vulpes), 
which has expanded its range into habitats occupied by the Arctic fox 
(Elmhagen et al., 2017; Simon et al., 2019). This range expansion can be 
attributed to an increase in food resources resulting from climate 
warming and increased human activities in the North (Elmhagen et al., 
2017; Gallant et al., 2020; Hersteinsson and MacDonald, 1992). Red 
foxes and Arctic foxes compete for food and shelters, which can lead to 
interference competition through aggression and predation by the red 
fox (Elmhagen et al., 2002; Pamperin et al., 2006; Rodnikova et al., 
2011), and thus increase the risk of rabies virus transmission between 
the two species. Our ABM could be extended by incorporating multiple 
species and real landscapes to achieve a better understanding of the 
consequences of environmental changes on spread and transmission 
dynamics of rabies in the Arctic. The application of the ABM to such a 
more complex system will be an important next step in this line of 
research. 
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