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Chapter 1: General Introduction 

Rabies is a neurodegenerative virus in the lyssavirus genus. The first written 

accounts of rabies come from the Babylonian Empire between 2000 and 3000 b.c.e, where 

the possession of an infected dog was an offense that warranted a large paid fine (Wasik 

2013). Approximately 5000 years later, and despite a plentitude of management and 

research, rabies persists on 6 of 7 continents, contributing to approximately 60,000 deaths 

per year, in addition to the 15 million successful post bite vaccinations given annually 

(World Health Organization 2015). Rabies is a unique virus, given its high virulence and 

disease-induced behavioral modulations, both of which help the virus propagate itself 

through wildlife populations and facilitate zoonotic spillovers. Rabies’ ill effects has 

rendered it an iconic disease that has inspired vast amounts of epidemiological research 

and has brought about some of the most coordinated and successful disease control regimes 

for both wildlife and domestic animals. 

Transmission of the virus generally occurs via a bite wound from an infected 

animal. After a victim has been infected, a latent stage occurs while the virus replicates at 

the bite wound and ascends the peripheral nervous system, which can take days to months. 

Once the virus reaches the central nervous system, clinical symptoms such as fever, aches, 

hydrophobia, paralysis, delirium, aggression, paranoia, and coma begin to occur. At the 

onset of clinical symptoms, the host has several days to a month to live. The virus nearly 

always ends with fatal encephalitis. To date, fewer than 20 humans have survived the 

disease, and in rare strains of rabies in arctic fox and African hyenas, there are low rates of 

recovery (Ballard et al. 2001, de Souza and Madhusudana 2014, East et al. 2001).   
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Arctic Rabies is maintained by two host species, the arctic and red fox. As a 

widespread generalist, red foxes inhabit temperate regions up to and including portions of 

the Arctic circle. Overlap occurs with arctic fox from the northern portion of central 

Canadian provinces up to, and including, portions of the Arctic circle, thereafter, arctic 

foxes are the sole inhabitant (MacPherson 1964, Monchot and Grendon 2010). Red fox’s 

northern range is governed by a threshold in metabolic maintenance given colder 

temperatures and lower productivity for generalist predators, while the southern boundary 

of the arctic fox’s range is limited by interspecific competition with red fox (Hersteinsson 

and MacDonald 1992).  

Arctic rabies is unique in that the disease remains endemic at very low prevalence 

values (< 1%) with low host densities (< 0.3 breeders/km2) in a discontinuous landscape 

(Angerbjörn et al. 1999, Mork et al. 2011). One fox per square kilometer is widely regarded 

as the density threshold for rabies disease persistence in a homogenous landscape, which 

is derived in Anderson et al. (1981). Arctic rabies, however, remains endemic, potentially 

due to spatial heterogeneity in resource abundance, where some local areas have carrying 

capacities that exceed the threshold. These areas are towns, prairie potholes, coastlines, and 

migration corridors, all of which theoretically provide regions where rabies can be 

endemically infected (Harris 1981, Savory et al. 2014, Trewhella et al. 1988). In addition 

to spatially heterogenous resource distribution, the Arctic is defined by its spatial 

discontinuity, where discrete patches can be the Northwest Territories, Nunavut, 

Greenland, and Svalbard, and their associated islands. 
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The assumptions of metapopulation theory fit well with the defining features of the 

Arctic—spatial discontinuity and heterogenous distribution of resources. Models that 

account for these spatial features can allow for diseases persistence as individual 

populations can be “rescued” by incoming disease, thus preventing a disease extirpation 

that would have subsequently occurred in an equivalent homogenous environment (Bolker 

and Grenfell 1995, Hagenaars et al. 2004, Schwartz et al. 1992, Wang and Zhao 2004). 

Metapopulation theory allows diseases to persist when at least one of the subpopulations 

can support the disease independently, assuming mass action transmission for intrapatch 

infections (Hethcote 1976). This can be exemplified in a two-patch model, where one patch 

is endemically infected and the other is not, in which disease can die out of the system, or 

persists in both patches, given the level of dispersal amongst them (Wang and Zhao 2004). 

Although connectivity always decreases the R0 of a metapopulation system with source 

and sink patches, which is also in accordance with Hethcote (1976); low levels of dispersal 

can increase prevalence in the system (Gurarie et al. 2008). Without spatially structured 

source-sink disease dynamics, rescue effects, and reintroductions, disease dynamics 

become an average of all interactions, and are not partitioned in a biologically 

representative scheme. 

Climate change shifts species ranges, facilitates disease spread, and amplifies 

disease incidence (Bellard et al. 2012, Chen et al. 2011, Patz et al. 1996, Thuiller 2007); 

having notable effects on diseases such as malaria (Martens et al. 1996), dengue fever 

(Hales et al. 2002), bluetongue (Purse et al. 2005), chytrid fungus (Pounds 2001), wooly 

adelgid beetle in hemlocks (Paradis et al. 2008), beech bark disease (Stephanson et al. 
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2017), and lyme disease (Brownstein et al. 2005). To explore how climate change alters 

disease systems, such as those previously stated, mathematical models have been used to 

understand the climate, host, and disease relationships. This can be done by using 

ecological niche modeling, metabolic theory of ecology, host-parasite or host-parasite-

vector dynamics, suitability models, and population models with temperature dependent 

survival or fecundity (Altizer et al. 2013, Brownstein et al. 2005, Molnar et al. 2013, 

Peterson et al. 2006, Urban et al. 2013). For climate change models to effectively 

characterize disease in a changing world, they must account for warming temperatures, 

shifting ranges, perturbed food webs and species interactions, transient dynamics, 

metabolic tolerances, and other temperature dependent constraints. Unlike rabies, many of 

the previously stated diseases have temperature-dependent vectors or pathogens and will 

necessarily shift with a warming climate. It is less clear how rabies will be affected by 

climate change as there are hosts found at nearly every latitude, and while hosts species 

densities may be affected by climate warming, other aspects of the transmission dynamics 

are relatively unaffected by temperature. To understand how climate warming might affect 

rabies dynamics, we use a moving habitat model. Moving habitat models have been 

previously used to study a species’ ability to track climate change, how the speed of climate 

change impacts population dynamics, and how a populations’ profile responds to a shifting 

habitat (Berestyki et al. 2009, Hurford et al. 2019, Potapov and Lewis 2004). We present 

one of the few studies that uses moving habitat models to understand disease dynamics, 

and possibly the first study to use this technique with a multi-species epidemiological 

system.  
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The isolated nature of endemically infected northern regions makes studying arctic 

rabies difficult. With a lack of epidemiological studies of arctic rabies, we take this 

opportunity to explore arctic rabies via mathematical modeling. By using models, we can 

incorporate existing data and knowledge to inform the structure of our models and the 

assumptions they make. This allows us to simulate a variety of scenarios for lengths of 

time that would not be feasible in controlled experiments. By adopting this methodology, 

we can investigate driving mechanisms of the disease and predict future dynamics, 

something other methodological techniques would not allow for.   

We derive two mathematical models to understand rabies in the Arctic. Chapter 

two uses a two-patch metapopulation model, where patches represent different levels of 

resource abundance. This model allows us to explore the effect of spatial heterogeneity on 

the persistence of rabies at low densities in the Arctic. Chapter 3 uses a temperature-driven 

moving habitat model for competing host species with a multi-host susceptible-infected 

disease dynamic for a directly transmitted pathogen. Chapter 3 allows us to understand 

disease dynamics when a competitor (red fox) invades a species with endemic disease 

(arctic fox) given climate-induced range shift. These two models help us understand how 

rabies is being transmitted in the Arctic, and what it will be like in the future, given climate-

induced range shifts. Overall, we find that source-sink disease dynamics in the Arctic allow 

for persistence of rabies in low density patches, and spatial heterogeneity allows the 

persistence of rabies at landscape-level densities below previously defined disease 

thresholds for endemicity. Also, we find that there are several plausible scenarios in which 
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rabies will migrate southward from arctic foxes to red foxes, as both species’ distributions 

shift northward. 
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Chapter 2: Understanding rabies persistence in low-density fox 

populations 

2.1 Abstract 

Arctic fox (Vulpes lagopus) and its tundra habitat are a unique system for the 

study of rabies virus epidemics. Contrary to theoretical calculations that report a critical 

density (KT) of approximately 1 fox/km2  for rabies endemicity, arctic rabies persists at 

densities well below this. The calculation of KT = 1 fox/km2 assumes a uniform fox 

density across the landscape and unrestricted mixing between susceptible and infected 

foxes. We hypothesize that spatial heterogeneity arising from resource distribution or 

social structure may result in regions where rabies is endemic, even though average fox 

densities at the regional or landscape-level are below KT. To expand upon the limited 

body of research surrounding the persistence of arctic rabies, we examine arctic rabies via 

a two-patch structure. We find that rabies can persist in a heterogeneous landscape where 

the mean carrying capacity is below the threshold carrying capacity required for 

endemicity in a homogeneous landscape. Rabies endemicity in low-carrying capacity 

regions within heterogeneous landscapes is further facilitated by high transmission rates, 

potentially due to ‘floater’ foxes, and when between-patch movement is restricted to only 

latently-infected and infected foxes. Our results suggest that rabies may persist in 

heterogeneous landscapes when the mean carrying capacity is as low as 0.25 foxes per 

km2.  
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2.2  Introduction 

Thresholds for disease persistence derived from models assuming homogeneous 

mixing, and without spatial structure, identify critical densities necessary for disease spread 

(Keeling and Rohani 2007, Lloyd-Smith et al. 2005). However, those commonly used 

models can predict densities not found in the field. For instance, Anderson et al. (1981) 

predicts rabies persistence in Europe when densities of its regional host, red foxes  (Vulpes 

vulpes), are as low as 1 fox/km2, yet rabies persists in the tundra when densities of arctic 

fox (Vulpes lagopus) are well below this threshold (Simon et al. 2019). One way such a 

contradiction could exist is that environmental heterogeneity may lower threshold host 

densities for disease persistence. In this scenario, connectivity between populations can 

facilitate “rescue effects”, preventing disease extirpation that would otherwise occur in an 

equivalent homogenous environment (Hess 1996, Hagenaars et al. 2004). Here, we 

hypothesize that spatial structure reduces the threshold fox density for rabies persistence, 

to be consistent with reported arctic fox densities and observed rabies endemicity.  

Previous results from metapopulation theory offer additional insights into how 

spatial structure will affect predicted rabies dynamics. For disease persistence in a 

metapopulation, at least one of the subpopulations must be able to support the disease 

independently (Hethcote 1976). For a two-patch model, where only one patch can support 

the disease independently, either the disease dies out, or persists in both patches, depending 

on the between-patch connectivity (Wang and Zhao 2004). More generally, pairing two 

populations with different qualitative or quantitative behavior can lead to the emergence of  
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new population dynamics and novel spatial patterns (Pedersen et al. 2017). Spatial structure 

and population connectivity affect persistence and threshold values (Bolker and Grenfell 

1995, Wang and Zhao 2004, Wang and Mulone 2003), and once a disease becomes 

endemic, the intensity of outbreaks and fade-out dynamics can be influenced by the spatial 

arrangement (Post 1982, Sattenspiel 1987). Considering arctic rabies within a 

metapopulation structure complements previous research that applies metapopulation 

theory to communicable diseases such as hepatitis A, gonorrhea, and HIV, which are all 

characterized by non-homogenous mixing and infections (Lajmanovich and Yorke 1976, 

Jacquez et al. 1988, Sattenspiel 1987). In these instances, the inclusion of spatial 

heterogeneity is justified in that humans, as a host, violate homogenous mixing 

assumptions, since most people use the same travel routes, work in the same areas, and 

reside in the same locations daily. 

Of the various host species and their habitable environments, the arctic fox (Vulpes 

lagopus) and its tundra habitat has proved to be a unique system for the rabies virus. 

Contrary to the well-documented disease density threshold (KT) of approximately 1 

fox/km2 (Anderson et al. 1981), arctic rabies persists endemically at densities below this. 

Indeed, landscape-level arctic fox densities rarely exceed 0.3 breeders/km2 (Angerbjörn et 

al. 1999, Eide et al. 2004, Simon et al. 2019). When these numbers are scaled into total 

number of foxes per square kilometer, by including non-breeding foxes and juvenile 

survival, Arctic densities are still unlikely to exceed an average of 1 fox/km2. While most 

Arctic regions have average densities below KT, some local areas have carrying capacities 

that exceed the KT threshold. These areas are, for instance, town dump sites, migratory bird 
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colonies, and carrion along caribou migratory pathways, all of which are potentially 

regions within a metapopulation that can independently support rabies (Harris 1981, 

Savory et al. 2014, Trewhella et al. 1988), thus meeting Hethcote’s (1976) requirement for 

disease persistence in a metapopulation. In addition, “floater” foxes move between social 

groups, having high mobility rates, and are an overlooked aspect of arctic rabies 

persistence. 

Previous rabies modeling research provides meaningful insights and shows some 

agreement with empirical observations. Specifically, previous models predict spread rates 

(Källén et al. 1985, Murray et al. 1986, Smith et al. 2002), and define thresholds for 

vaccination regimes and efficient implementation (Asano et al. 2008, Broadfoot et al. 2001, 

Clayton et al. 2010, Neilen et al. 2011, Russell et al. 2006). When the carrying capacity of 

all foxes in an area is greater than the threshold density (K>KT), either dampened 

oscillations or limit cycles result, and these characteristics have been well documented in 

the epidemiological data of red fox populations across Europe and most of North America 

(Anderson et al. 1981). Still, many critical questions, such as the spread and maintenance 

of rabies in the Arctic, are largely unresolved (Mork and Prestrud 2004). Simon et al. 

(2019), extends Anderson et al. (1981) to consider high transmission rates, short incubation 

periods, prolonged infectious periods, periodicity in the birth rate, and interaction with red 

foxes. With these modifications to Anderson’s model, rabies can persist in the Arctic with 

fox densities lower than 0.15 fox/km2, yet at low densities, immigration will cause sporadic 

outbreaks of rabies, and this leaves open the question of dispersal’s role in rabies 

endemicity (Simon et al. 2019). 
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Without spatially structured source-sink disease dynamics, host interactions are not 

partitioned into a biologically representative scheme, but are represented as an average; 

without spatial structure the potential for rescue effects and disease reintroduction is 

eliminated. Here, we formulate and parameterize a two-patch disease model to explore 

rabies persistence in the Arctic and disease dynamics in low-density regions. We identify 

the necessary conditions for rabies endemicity in a metapopulation and consider how rabies 

can persist at landscape-level densities below KT, given the assumptions our model makes 

about space, connectivity, and individuals. 
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2.3  Methods 

Two-patch model 
We use a two-patch deterministic model (Figure 2.1). One of the two patches is a 

low-carrying capacity patch (K1<KT) that is characteristic of many Arctic areas (hereafter 

referred to as the ‘sink patch’, and where tundra specific variables and parameters are 

indexed with a subscript 1). The sink patch is coupled with a higher-carrying capacity patch 

(K2 > K1) to represent the area surrounding a town, migratory pathway, or a migratory bird 

colony (hereafter referred to as the ‘source patch’, where specific variables and parameters 

are indexed with a subscript 2). 

 

Figure 2.1: A two-patch model describing rabies dynamics. The epidemiological status 

of foxes are susceptible, S1 and S2; latent, E1 and E2; and infected, I1 and I2, where the 

subscript 1 indicates residence on a sink (low-carrying capacity) patch and the subscript 2 

indicates residence on a source patch (high-carrying capacity). The transmission rate is β, 

the rate of disease progression from exposed to infected is p, and the disease-induced 

mortality rate is v. The inter-patch movement rate, from a patch i to j is mij and the 

epidemiological status of foxes does not change while travelling between patches. The 

model assumes that each of these parameters (β, p, and v) are the same for all individuals. 

The figure does not show reproduction, mortality, or density dependent constraints for 

visual clarity. See equations 1-6 for the complete model. 
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The within-patch epidemiological dynamics, including density-dependent 

population growth, are based on Anderson et al. (1981). Within a patch, i, the model 

variables describe the density of susceptible, Si, latent or exposed, Ei, and infected, Ii, foxes 

(fox/km2), and the model does not consider recovery as rabies is almost always fatal. The 

density on patch i is 𝑁𝑖 = 𝑆𝑖 + 𝐸𝑖 + 𝐼𝑖, and rabies percent prevalence is defined as ((𝐸𝑖 +

𝐼𝑖)/𝑁𝑖) ∙ 100, which is a percent ranging between 0 and 100. The rate that each susceptible 

fox is exposed to rabies per infected fox is β (foxes/km2)-1 yr-1 (transmission dynamics 

assume mass action). The rate of disease progression from Ei to Ii is p, and the rate of 

disease-induced mortality for infected individuals is v (both with units yr-1). Our 

formulation assumes that only foxes susceptible to rabies (S1 and S2) can reproduce, as the 

degenerative effects of rabies make it unlikely that foxes of any other epidemiological 

status would be able to reproduce, and assumes that pups are born susceptible. Foxes 

disperse between patches at the rate mji from patch j to i. Parameter values are the same on 

both patches except interpatch dispersal, mji, and the carrying capacity, Ki, which appears 

in equations 1-6 via µi, since µi=r/Ki (i.e. see Table 1). The model dynamics are,  

𝑆1̇ = 𝑟S1  − 𝜇1S1N1  −  𝛽S1I1  −  S1𝑚12 + S2𝑚21,    (1) 

𝐸1̇ =  𝛽S1I1  −  E1(𝑝 + 𝑑) − 𝜇1E1N1 − E1𝑚12 + E2𝑚21,   (2) 

𝐼1̇ =  𝑝E1  − I1(𝑣 + 𝑑) − 𝜇1I1N1 − I1𝑚12 + I2𝑚21,   (3) 

𝑆2̇ = 𝑟S2  − 𝜇2S2N2  −  𝛽S2I2  − S2𝑚21 + S2𝑚12,     (4) 

𝐸2̇ =  𝛽S2I2  − E2(𝑝 + 𝑑) − 𝜇2E2N2 − E2𝑚21 + E2𝑚12,   (5) 
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𝐼2̇ =  𝑝E2  − I2(𝑣 + 𝑑) − 𝜇2I2N2 − I2𝑚21 + I2𝑚12.   (6) 

Table 2.1: Parameter descriptions for the two-patch rabies model (equations 1-6). 

Parameters are the same as Anderson et al. (1981) and Simon et al. (2019), but where 

subscripts denote patch specific values. The parameter values are the same on each patch, 

except for carrying capacity and dispersal. 

definition parameter value  

Birth rate a 1 yr-1 

Mortality d 0.5 yr-1 

Net population growth rate 
at low densities  r=a-d 0.5 yr-1 

Patch 1 dispersal 𝑚12              0.1 - 0.25 yr-1 

Patch 2 dispersal 𝑚21                 0.1 – 80 yr-1 

Patch 1 carrying capacity   K1       0.0 – 1.0 fox/km2 

Patch 2 carrying capacity   K2       0.1 – 5.0 fox/km2 

Latency p 13 yr-1 

Disease-induced mortality v 73 yr-1 

Transmission coefficient 𝛽 80 km2/fox∙yr 

Density-dependent 
constraints 

     µi=r/Ki                                  Varied km2/fox∙yr 

Parameter values provided in Table 1 are based on Anderson et al. (1981) and 

Simon et al. (2019) to provide comparable results to equivalent spatially homogenous 

models. The parameter values were also cross-referenced with Mork and Prestrud (2004) 

to ensure they were biologically relevant for arctic fox populations.  

To estimate carrying capacity, we assumed that the estimated densities of foxes are 

near carrying capacity and we included breeding pairs, juveniles that remain at the den, 

and adult non-breeding foxes (floaters). The density of breeders is estimated as 0.02-0.3 

breeders/km2 (Angerbjörn et al. 1999). The regression given by Strand et al. (1995) 

estimates litter size from placental scars, giving an average litter of 9 pups for a breeding 

pair. Pup to juvenile survival is about 10% (Miejer et al. 2008), so there are approximately 
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0.45 juvenile foxes/breeder/year. Next, we consider floaters, which have been documented 

as up to 25% of the population (Lindstrom 1989), and for this study we assume floaters are 

on average 20% of the population. The carrying capacity estimate, per breeder, is 

(1+0.45)/0.8 =  1.81. As the density of breeding pairs spans a range that is 15x greater 

than its lower bound, we will estimate low-, mid- and high- carrying capacity values for 

the sink patch to acknowledge this uncertainty. Our estimates for the carrying capacity on 

the sink patch are: 

𝐾1  =  0.02 ∙  1.81 =  0.036 fox/ 𝑘𝑚2  (Low), 

𝐾1  =  0.16 ∙  1.81 =  0.29 fox/ 𝑘𝑚2  (Mid), 

𝐾1  =  0.3 ∙  1.81 =  0.54  fox/ 𝑘𝑚2  (High). 

The transmission rate for rabies is estimated to be 𝛽 = 80 𝑘𝑚2/fox ∙ yr (Anderson 

et al. 1981, Llyod 1980). However, it is unclear whether this estimate is calculated for 

resident foxes or also considers highly mobile ‘floaters’, which may be 7-10 times more 

mobile (Lindstrom 1989). When floaters are excluded from the 𝛽 estimate, and given our 

previous assumption that floaters are 20% of the population, an estimate of the transmission 

rate that considers floaters would range from  𝛽 = 176 𝑡𝑜 224 𝑘𝑚2/fox ∙ yr. 

To perform our analyses, we numerically solved equations (1-6) using the ode45 

function in MATLAB 2018a until the total population size reached an equilibrium state. 

The system of equations and the computer code are available via the following link: 

https://doi.org/10.6084/m9.figshare.c.4840710 
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2.4  Results 

Low to intermediate levels of dispersal in heterogeneous environments can support 

rabies in low-carrying capacity ‘sink’ patches, where rabies would be absent if the patch 

were isolated, or if the landscape was homogeneous with the carrying capacity equal to this 

low value, K1 (Figure 2.2). As the carrying capacity on the sink patch increases toward the 

threshold carrying capacity in a homogeneous environment, KT, the sink patch requires 

less augmentation via dispersal from the source patch to maintain disease, which is 

reflected by the expanding parameter space for endemicity as shown for the low- (Figure 

2.2a), mid- (Figure 2.2b), and high- (Figure 2.2c) estimates for K1. Disease is supported in 

the sink patch until dispersal from the source patch removes too many susceptible and 

infected foxes, such that disease dynamics cannot be maintained on the source patch, at 

which point, the disease dies out in both patches (Figure 2.2).
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Figure 2.2: Rabies is endemic to the sink patch (low-carrying capacity), where disease 

would otherwise be absent, when low to intermediate levels of movement couples the 

disease dynamics between the sink and source (high-carrying capacity) patches. 

Panels show rabies prevalence, (100(E1+I1)/N1), on the sink patch for our three estimates 

of carrying capacity with K1 equal to low: 0.036 (a); mid: 0.29 (b), and high: 0.54 (c) 

fox/km2. Rabies prevalence (%) on the sink patch is highest for large values of the carrying 

capacity in the source (large K2), large values of the carrying capacity in the source (c; high 

estimate of K1), and for intermediate movement rates to the sink from the source patch 

(m21), a pattern that is explained further in Figure 2.3. Parameters value are given in Table 

2.1 and m12=0.25. 
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Figure 2.3: Rabies prevalence (%) on the sink patch (a) peaks at intermediate 

movement rates because high movement rates eradicate the infection in the source 

patch (b). For high levels of movement, the source patch cannot maintain its function as a 

disease source when the density of susceptible and infected foxes are depleted through 

movement and become too few to sustain the epidemic. Parameters values are given in 

Table 2.1, with m12 = 0.25, K1 = 0.54 fox/km2, and K2 = 5 fox/km2. 

 

In a heterogeneous two-patch landscape, rabies can persist when the landscape-

level mean carrying capacity is below the threshold carrying capacity for rabies 

endemicity in a homogeneous landscape, KT (Figure 2.4). When the landscape-level 

mean carrying capacity is fixed at 0.9 foxes/km2, and different combinations of K1 and K2 

are considered, we find that rabies prevalence is highest when the carrying capacities on 
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the sink and source patches are the most different (Figure 2.4). However, for lower values 

of the landscape-level mean carrying capacity, for example K̅=.5 fox/km2, rabies 

endemicity is not possible (see appendix figure A.1), as infection prevalence on the 

source patch is too low to both sufficiently subsidize the sink patch and maintain disease 

locally.  

Figure 2.4: Rabies can be endemic in a heterogeneous landscape where the mean 

carry capacity is less than the threshold carrying capacity for rabies endemicity in a 

homogeneous landscape. For our parameter values (Table 1), rabies is endemic in a 

homogenous landscape when the carrying capacity is greater than 1 fox/km2 (K>KT=1; 

(Andersen and May (1981)). We set the landscape-level mean carrying capacity for our 

two-patch model to K̅ = (K1 +K2)/2 = 0.9 foxes/km2. When K1=K2=K̅ =0.9< KT (far right 

on the x-axis), no disease occurs on either patch since the landscape is homogeneous, 

however, as the variance between the two carrying capacities on each patch increases 

(toward the left on the x-axis) rabies becomes established on both patches (red and blue 

lines). The between-patch movement rates are m12=m21=0.25, and all other parameter 

values are as given in Table 2.1. 
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We estimate that rabies can persist for fox populations in heterogeneous 

environments where the mean carrying capacity is as low as ~0.25 foxes/km2 and the 

carrying capacity in the sink patch is as low as 0.036 foxes/km2 (Figure 2.5). To generate 

this lower bound, we considered the maximum feasible estimate of β= 224 km2/fox∙yr and 

our lowest estimate of fox carrying capacity. 

 
Figure 2.5: Higher transmission rates, for example, due to highly mobile ‘floater’ 

foxes, allow for rabies endemicity for landscape-level carrying capacities as low as 

0.25 foxes/km2. The transmission rate is elevated by floaters or higher mobility foxes (we 

consider a range of values beginning from the baseline value of 80 and increase to 224 km2 

foxes-1 yr-1). With the carrying capacity on the sink patch set to its lowest estimate: K1=.036 

fox/km2, we find that rabies can persist when the carrying capacity on the source patch is 

~0.46 foxes/km2 (the value of K2 for the blue contour when β= 224 km2/foxes-1 yr-1) 

corresponding to a landscape-level mean carrying capacity of ~0.25 foxes/km2, as seen on 

the right y-axis. Parameter values are m12=m21=0.1 yr-1, and all other parameters are as 

described in Table 2.1.  
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Figure 2.6: Rabies can be endemic on the sink patch, when it might otherwise be 

eliminated (black), if between-patch movement occurs for only infected foxes (red) or 

only latent foxes (blue). Assuming that between-patch movement occurs for foxes with all 

epidemiological statuses or only for susceptible foxes, then rabies is cannot persist for a 

wide range of movement rates from the source to the sink patch (black dashed and dotted 

lines), but when assuming only infected foxes move between patches rabies is present on 

the sink patch for a wide range of movement rates (red). Assuming that only latent foxes 

move between patches, rabies prevalence on the sink patch can be high, but results in the 

extinction of the fox population for high movement rates (blue). The model formulation is 

described in Appendix A.1 and parameters are given in Table 2.1, with K2 = 2 fox/km2, K1 

= 0.54 fox/km2, and m12= 0.25 yr-1.                      
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We found that rabies persistence is sensitive to our assumptions restricting the 

epidemiological status of dispersing foxes (Figure 2.6). We set K1 = 0.54 foxes/km2 and 

K2 = 2 foxes/km2 and found that irrespective of the level of dispersal from the source to 

the sink patch, rabies could never persist if all epidemiological compartments disperse 

equally, or if only susceptible foxes disperse, for a dispersal rate >1 yr-1 (Figure 2.6, black 

lines). By contrast, rabies did persist when only latent or infected foxes disperse (Figure 

2.6, blue and red lines). Rabies persistence occurred over the widest range of ecological 

conditions when only infected foxes dispersed, however, rabies prevalence reached its 

highest value when only latent foxes disperse. 
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2.5  Discussion 

Low fox densities and spatial discontinuity heavily influence rabies disease 

dynamics in the Arctic. Spatially homogenous disease models, which assume uniform 

density and mixing, typically give a useful simplification of infection dynamics, as seen in 

Anderson et al. (1981). The increased resolution that heterogeneity gives a model is 

especially important near threshold values, where small changes can shift the qualitative 

outcome of a deterministic model. Using spatial heterogeneity as a lens to view arctic 

rabies, we extended the work of Simon et al. (2019) whereby infected animals subsidize 

the system via an unspecified source without any dynamics. Doing so, we determined the 

conditions in which rabies can persist in the Arctic under a two-patch structure, where 

infectious individuals move between source and sink patches. 

We showed endemicity in the low-carrying capacity patch when paired with a 

higher carrying capacity disease source patch. This was observed across a range of low-

densities and dispersal values (Figure 2.2), and when latent only or infected only 

individuals move between patches (Figure 2.6). We found that rabies can persist when the 

average carrying capacity, K̅ = (K1+K2)/2, across the two patches in the metapopulation is 

less than KT = 1 fox/km2 (Figure 2.4).  Our results are consistent with previous studies. 

Like Hethcote (1976), we found that for a low-carrying capacity patch to support disease, 

the subsidization from the source patch must not be so much that it suppresses disease 

dynamics in that patch (Figure 2.3). We also found equilibrium rabies prevalence in the 

metapopulation peaks with low—level symmetric bi-directional dispersal (Figure 2.2) as 

noted in Gurarie et al. (2008), and further extend those results by showing that high levels 
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of dispersal can maximize disease prevalence when only latently-infected, or infectious 

individuals disperse (Figure 2.6).  

We examined the potential for higher mobility of arctic foxes via the transmission 

coefficient, β, as floater foxes may play a major role in disease transmission. We showed 

endemicity in all low-carrying capacity patches across a wide range of β values, and for 

larger β values, even when the source patch carrying capacity (K2) was well below KT 

(Figure 2.5). Figures 2.2 and 2.4 shows the plausibility of rabies on low carrying capacity 

patches, however, if we assume that the neurological effects of rabies makes its host the 

most likely demographic to disperse (Figure 2.6), then there is a much larger parameter 

space that will allow for rabies persistence in the Arctic than seen in Figure 2.2. This is 

particularly relevant, given that specific strains of the virus can influence the dispersal and 

habitat permeability to infected individuals (Scott 1988), and rabies alters dispersal and 

movement patterns (Barton et al. 2010), which is in contrast to the well-studied territoriality 

and demographic dispersal events observed in fox populations. 

We independently considered several mechanisms that facilitated rabies endemicity 

at low carrying capacity, yet it is likely that many of these mechanisms are working in 

combination to create an environment where rabies is endemic at extremely low densities. 

Furthermore, we used a two-patch system, however, additional patches would allow for a 

lower threshold for endemicity, as a single patch could potentially experience the additive 

effects of multiple patches contributing to or subsidizing that single patches population and 

disease dynamics. With the presence of a disease reservoir, i.e., around towns or goose 

colonies, floater foxes with higher transmission rates, and dispersal of foxes with latent or 
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clinical rabies infection, we suggest it is feasible to have rabies endemicity in landscapes 

where the average landscape density is 0.25 fox/km2, and where sink patches have fox 

densities of 0.036 fox/km2
 (see Figure 2.5 for details). Whereas we consider patch 

dynamics in the context of spatial heterogeneity and the related assumptions, it has also 

been noted that positive temporal autocorrelation and dispersal can enhance 

metapopulation persistence (Matthews and Gonzalez 2007), even when that 

metapopulation is composed entirely of sinks (Manojit et al. 2005). 

A discrete-patch metapopulation ensemble resembles the structure of the Arctic: 

the discrete patches are disconnected by several land masses (e.g. mainland Canada), island 

systems (e.g. Greenland), and archipelagos (e.g. Svalbard) connected by sea ice. Genetic 

studies show that strains of rabies are spread between these patches, as consistent with the 

assumptions of metapopulation epidemic models for arctic foxes (Hanke et al. 2016, 

Raundrup et al. 2015). The geography of Svalbard, an endemically infected area, is 

consistent with the discrete space assumption of a disease metapopulation model. The most 

likely origin of rabies in Svalbard is via the migration of arctic foxes from Greenland or 

the Siberian islands (Mork et al. 2011). On the Spitzenbergen island in Svalbard, the 

density of breeding foxes is approximately 0.1-0.15 fox/km2 with prevalence values of 

~0.3% (Eide 2002, Mansfield et al. 2006, Mork et al. 2011). These results closely mirror 

those seen in our low-carrying capacity patches when connected to a disease source.  

Rabies is usually absent on the island of Newfoundland, but in the spring of 2002, 

Newfoundland saw its first outbreak of rabies in 14 years (Nadin-Davis et al. 2008). It is 

assumed that the disease was introduced to the island from an infected mainland fox that 
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travelled on an ice sheet across the 9-mile strait from Labrador. This outbreak captures the 

essence of arctic rabies; it is a disease that is largely governed by the spatial arrangement 

of the Arctic and its connectivity. Here, we examined arctic rabies through this lens using 

a two-patch structure, and found that rabies can persist endemically in the Arctic via 

source-sink dynamics, partitioning of densities, selective dispersal, and increased mobility. 

These all provided realistic parameter space for rabies endemicity, further supported by the 

disease dynamics observed in Arctic regions characterized by a metapopulation structure. 

Our study expanded upon the limited body of research surrounding the persistence of arctic 

rabies, and showed the feasibility of endemicity at low densities by considering spatial 

dynamics. 
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Chapter 3: When host populations move north, but disease 

moves south: counter-intuitive impacts of climate warming on 

disease dynamics 

3.1  Abstract 

Climate change is linked to the poleward spread of wildlife ranges and their 

corresponding diseases. This relationship is supported by countless observations, empirical 

measurements, and predictions that explore poleward movement in response to a warming 

climate. We consider an alternative scenario whereby disease moves southward rather than 

northward in response to climate induced range shifts. This is particularly relevant to viral, 

bacterial, and prion diseases that do not have thermal tolerance limits and are inextricably 

linked to their hosts distribution. We formulate a moving habitat integrodifference model 

with a Susceptible-Infected epidemiological structure for two competing species with 

different temperature-dependent niche spaces. We present a scenario in which climate 

change facilitates disease movement southward through space as climate warming moves 

our niche space northward. There is a tendency to focus on northern latitudes as they 

generally experience a higher degree of warming relative to southern latitudes; however, 

our results show that there is a counterintuitive scenario in which southern species may see 

an increase risk for disease outbreaks and incidence in response to climate change. We 

explore this in the context of rabies in arctic and red fox. We note the potential for 
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southward spread and further spillover to additional hosts as the disease moves south, 

presenting an increasing zoonotic threat.     
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3.2  Introduction 

Many studies observe northward shifts in disease range in the same direction as 

climate warming induced northward shifting thermal isoclines (Bellard et al. 2013, Patz et 

al. 1996, Short et al. 2017). In the Northern hemisphere, disease may spread northwards 

when pathogen fitness closely tracks environmental temperature, either due to host or 

vector responses to temperature e.g., Lyme disease (Brownstein et al. 2005), or due to 

pathogen life stages that are exposed to the environment e.g., chytrid fungus (Pounds 

2001). However, climate warming also changes host-host contact rates, and may facilitate 

disease spread into susceptible populations that have previously been isolated, possibly in 

the south. We hypothesize that climate warming may induce southward disease spread 

when uninfected, susceptible, southern population individuals disperse northward to where 

the climate is now warmer, and contact infected individuals in the northern population, 

thus “connecting” the two populations and facilitating a southward wave of disease. 

The spatial isolation necessary for southern disease spread may be a characteristic 

of multi-host disease systems.  In a multi-host system, disease can spread to another host 

species given sufficient between-species contact rates, however, due to niche partitioning, 

there are numerous examples of host species that are isolated, with contact rates that are 

too small for disease to spread between species, e.g., the competitive exclusion of red 

squirrels by introduced grey squirrels in the UK (Mackinnon 1978). In response to climate 

warming, there will be no changes in disease dynamics if host species’ distributions are 

simply translated polewards by equal distances without any changes in species’ range 
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overlap. However, both empirical studies (Menendez et al. 2006, Talluto et al. 2017) and 

mathematical models (Hurford et al. 2019, Zhou and Kot 2011) have shown that in 

response to climate warming, species lag behind their shifting thermal tolerance limits. 

These results suggests that for two host species occupying distinct niches along a thermal 

gradient, the northern species may lag behind its warm tolerance limit in the south as the 

southern species invades at the northern limit of its range, increasing the area where the 

two species overlap, thus facilitating disease spread from the northern population to the 

southern population. 

There are many examples of the northward spread of between-host and vector-

borne disease in the northern hemisphere, including, malaria (Martens et al. 1996), dengue 

fever (Hales et al. 2002), bluetongue (Purse et al. 2005), chytrid fungus (Pounds 2001), 

wooly adelgid beetle in hemlocks (Paradis et al. 2008), beech bark disease (Stephanson et 

al. 2017), and Lyme disease (Brownstein et al. 2005). There are no examples of southward 

disease spread in response climate warming in the northern hemisphere, which may be 

because the conditions for southward spread are more restrictive, given the necessary 

existence of an isolated susceptible uninfected host population in the south. In addition, 

some types of pathogen lifecycles may be more amenable to southward disease spread, as 

southward lags in the pathogen range may be a key feature facilitating the southward spread 

of disease. Such lags may be likely for diseases with long-lived endotherm hosts (i.e., 

rabies, bighorn sheep pneumonia, bovine tuberculosis, EHD), and where pathogens with 

free-living stages which can persist in the environment and survive warm temperatures 

(e.g., chronic wasting disease). 
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Testing our hypothesis that climate warming may induce the southward spread of 

a disease requires a modelling framework that combines reproduction, survival, and 

dispersal because a lagging species distribution behind a shifting thermal niche is a critical 

element of facilitating the southward spread of disease. Moving habitat models (Harsch 

and Zhou 2014) have been formalized as either reaction diffusion equations (Berestyki et 

al. 2009, Potapov and Lewis 2004), or their discrete time analogue: integrodifference 

equations (IDEs; Zhou and Kot 2011). Moving habitat models have been used to study how 

the speed of climate change impacts population dynamics, and how population profiles 

responds to shifting habitats (Berestyki et al. 2009, Hurford et al. 2019, Potapov and Lewis 

2004). Harsch et al. (2017) outlines promising future directions for moving habitat IDE 

models including incorporating infectious agents and species interactions. To date, IDEs 

have been used to understand disease dynamics in white pine blister rust (Leung and Kot 

2015) and vector-borne mosquito diseases (Kura et al. 2019).  

To understand disease dynamics for directly transmitted pathogens in a warming 

climate, and in a spatially structured host population, we formulate a temperature-driven 

moving habitat IDE model. We assume that the northern and the southern host populations 

are identical except for their thermal tolerance limits, and that the landscape consists of a 

thermal gradient, such that each population occupies a distinct region in the north or in the 

south. Climate warming shifts the locations of the thermal tolerance limits for both host 

species northwards, at a constant rate, and equally at all points in space, while all other 

aspects of the multi-host disease dynamic remain the same. We demonstrate that population 

densities, when a species’ thermal niche is moving due to climate warming, changes the 
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length of the region of species overlap, particularly due to extinction lags in regions that 

have become too warm, facilitating the spread of the disease into previously uninfected 

susceptible southern populations.  We discuss rabies in arctic and red foxes, as an example 

of a population that may demonstrate southward disease spread in response to climate 

warming. 

 

 

 

 

 

 

 

 

 

 

 

 



52 

 

3.3  Methods 

Spatio-temporal dynamics 

To describe the spatio-temporal dynamics of disease spread in a warming climate, 

we use an integrodifference framework (Kot and Schaffer 1986) extended to a system with 

two epidemiological status:  

𝑆𝑖,𝑡+1(𝑥) = ∫ [𝑓𝑖(𝑆𝑁, 𝑆𝑆, 𝐼𝑁 , 𝐼𝑆, 𝑦, 𝑡)]𝑘𝑗(𝑥 − 𝑦)𝑑𝑦
𝐿

−𝐿
,                           (1) 

𝐼𝑖,𝑡+1(𝑥) = ∫ [𝑔𝑖(𝑆𝑁, 𝑆𝑆, 𝐼𝑁 , 𝐼𝑆, 𝑦, 𝑡)]𝑘𝑗(𝑥 − 𝑦)𝑑𝑦
𝐿

−𝐿
,               (2) 

where Si,t(y) and Ii,t(y) is the density of susceptible and infected individuals, respectively, 

of species i, at time t, at location y, where spatial locations are points on a one-dimensional 

line, [-L, L], which is understood to correspond to positions along a temperature gradient. 

The local epidemiological dynamics are described by fi(Si,t(y), Ii,t(y), ri(T(y,t)) and gi(Si,t(y), 

Ii,t(y)), where the former describes the local density of the susceptible individuals after 

reproduction, mortality, and infection, but prior to dispersal; and the latter describes the 

local density of infected individuals after infection and mortality, but prior to dispersal. 

These densities, fi(Si,t(y), Ii,t(y), ri(T(y,t)) and gi(Si,t(y), Ii,t(y)), are then multiplied by the 

probability of dispersal from y to x,  

𝑘𝑗(𝑥 − 𝑦) =
1

2𝐷𝑗
𝑒𝑥𝑝

−1

𝐷𝑗
|𝑥−𝑦|

,                            (3) 

which is assumed to follow a Laplace distribution, where the mean dispersal distance, Dj, 

applies to a specific species-epidemiological status combination, j.  Integrals in equations 
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(1) and (2) total the new population density at location x, Ni,t+1(x), which is comprised of 

individuals arriving at location x from all other locations (y in [-L,L]). 

 

Local epidemiological dynamics 

We assume a Susceptible-Infected (SI) compartmental framework where infection is 

lethal such that, 

𝑓1(𝑆𝑁, 𝑆𝑆, 𝐼𝑁 , 𝐼𝑆, 𝑦, 𝑡) =
𝑟𝑁(𝑇(𝑦,𝑡))𝑆𝑁,𝑡(𝑦)

1+
(𝑟𝑁(𝑇(𝑦,𝑡))−1)𝑁𝑁

𝐾𝑁

 −  𝛽𝑁𝑆𝑁,𝑡(𝑦)𝐼𝑁,𝑡(𝑦)  − 𝛽𝑆𝑁𝑆𝑁,𝑡(𝑦)𝐼𝑆,𝑡(𝑦),       (4) 

𝑓2(𝑆𝑁 , 𝑆𝑆, 𝐼𝑁 , 𝐼𝑆, 𝑦, 𝑡) =
𝑟𝑆(𝑇(𝑦,𝑡))𝑆𝑆,𝑡(𝑦)

1+
(𝑟𝑆(𝑇(𝑦,𝑡))−1)𝑁𝑆

𝐾𝑆

 −  𝛽𝑆𝑆𝑆,𝑡(𝑦)𝐼𝑆,𝑡(𝑦)  − 𝛽𝑁𝑆𝑆𝑆,𝑡(𝑦)𝐼𝑁,𝑡(𝑦),          (5) 

𝑔1(𝑆𝑁, 𝑆𝑆, 𝐼𝑁 , 𝐼𝑆, 𝑦, 𝑡) = (1 −  𝑣)𝐼𝑁,𝑡(𝑦) +  𝛽𝑁𝑆𝑁,𝑡(𝑦)𝐼𝑁,𝑡(𝑦) + 𝛽𝑆𝑁𝑆𝑁,𝑡(𝑦)𝐼𝑆,𝑡(𝑦),         (6) 

             𝑔2(𝑆𝑁, 𝑆𝑆, 𝐼𝑁 , 𝐼𝑆, 𝑦, 𝑡) = (1 −  𝑣)𝐼𝑆,𝑡(𝑦) + 𝛽𝑆𝑆𝑆,𝑡(𝑦)𝐼𝑆,𝑡(𝑦) + 𝛽𝑁𝑆𝑆𝑆,𝑡(𝑦)𝐼𝑁,𝑡(𝑦),           (7) 

where, 

𝑁𝑁 = 𝑆𝑁,𝑡(𝑦)+𝐼𝑁,𝑡(𝑦) + 𝛼𝑆𝑁(𝑆𝑆,𝑡(𝑦) + 𝐼𝑆,𝑡(𝑦)),                         (8) 

𝑁𝑆 = 𝑆𝑆,𝑡(𝑦)+𝐼𝑆,𝑡(𝑦) + 𝛼𝑁𝑆(𝑆𝑁,𝑡(𝑦) + 𝐼𝑁,𝑡(𝑦)),                      (9) 

describe the effective density arising due to competition between the southern and northern 

species. Species are denoted by the subscripts N representing the northern species and S 

representing the southern species. Equations (4) and (5) describe the local density of 

susceptible individuals after local net reproduction, intra- and interspecific competition, 

and infection. The first term in equations (4) and (5) describes density-dependent net 
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reproduction and competition following a Beverton-Holt formulation (Beverton and Holt 

1957). It is assumed that only susceptible individuals are able to reproduce, but reductions 

in the net reproductive rate due to density dependence arise due to the presence of both 

susceptible and infected individuals. The strength of the competitive effect of the southern 

species on the northern species is represented by the parameter, αSN, and visa versa for the 

effect of the northern species on the southern species. Each species, has a species-specific 

carrying capacity, Ki, and a net reproductive rate, ri(T(y,t)) at low densities. Disease 

transmission occurs via mass action transmission where 𝛽𝑁 is the intraspecies transmission 

rate for the northern species, 𝛽𝑆 is the intraspecies transmission rate for southern species, 

𝛽𝑁𝑆 is the interspecies transmission rate from the northern species to the southern species, 

and 𝛽𝑆𝑁 is the interspecies transmission rate from the southern species to the northern 

species. 

Equations (6) and (7) describe the local density of infected individuals after 

infection and mortality, assumes no vertical transmission of infection (i.e., individuals are 

not born infected). Assumptions regarding the epidemiological dynamics, where chosen 

to be consistent with arctic rabies, which we later discuss as a disease system in which 

the southward spread of disease may occur. Due to the assumption of high virulence, the 

density of infected individuals at the census time, Ii,t+1(x), can be low. Therefore, to 

assess the impact of disease on the population, we also consider the total deaths occurring 

due to the disease each year, which is simply 𝑅t+1(𝑥) = ∫ 𝑣𝐼𝑡(𝑦) 𝑑𝑦, since the disease is 

assumed to be lethal. 
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Temperature, species niches, and climate warming 

In equations (4) and (5), species-specific net reproduction at low densities, 

ri(T(y,t)), is represented as a function of temperature, T(y,t). Specifically, we assume that 

net reproduction is constant and greater than 1 within the species’ thermal tolerance range, 

and zero outside of the thermal tolerance range, such that, 

𝑟𝑖(𝑇(𝑦, 𝑡)) = {𝜌𝑖        𝑇𝑖
𝑚𝑖𝑛 <  𝑇(𝑦, 𝑡) <   𝑇𝑖

𝑚𝑎𝑥 

0        𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                           
,    (10) 

where, Ti
min and Ti

max are the lowest and highest temperatures, respectively, that species i 

can reproduce and survive at. Notably, we assume that outside the thermal niche, 

ri(T(y,t)) = 0, and while a more gradual change in the net reproduction rate along the 

temperature gradient may be more realistic, our assumption of a ‘top hat’ niche shape 

represents the least favorable conditions for the northern population to lag behind the 

southern limit of its thermal tolerance, so as to facilitate the warming-induced spread of 

the disease into the southern population. Therefore, we expect that if southward disease 

spread is possible for the ‘top hat’ niche shape (equation 10), southward disease spread 

will also occur if niches are assumed to change more continuously as a function of 

temperature. 

Species’ thermal tolerance limits translate into hospitable regions due to a 

relationship between temperature and space, which is assumed to be a linear gradient 

ranging from Tmax at y = -L to Tmin at y=L. The assumed effect of climate warming, 

beginning in year tstart, is to increase temperature by w degrees per year at all locations, 

such that,  
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𝑇(𝑦, 𝑡) =  
𝑇𝑚𝑖𝑛,𝑖 − 𝑇𝑚𝑎𝑥,𝑖

2𝐿
+

𝑇𝑚𝑖𝑛,𝑖 + T𝑚𝑎𝑥,𝑖

2
 + w(t-tstart), and  (11) 

𝑤 = {
0 𝑖𝑓 𝑡 < 𝑡𝑠𝑡𝑎𝑟𝑡

> 0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒  
 

 

In our simulations, each species is given time to disperse into its niche space and 

reach an equilibrium density prior to the onset of climate change. Climate change is 

executed as a constant increase in degrees per year, which shifts the niche space a 

corresponding distance towards the north (x = L). 

This model was not parameterized for a specific host-parasite system, rather we 

used parameters and initial conditions to demonstrate that southward disease spread can 

occur. We used an initial condition where disease was initially introduced only in the North 

and parameters were chosen such that, prior to climate change, the species distributions 

reached an equilibrium where disease was present only in the north, and a southern 

uninfected population was established (Figure 3.1).  We choose our parameters such that 

the species distributions did not extend beyond the limits of our spatial domain. Our 

simulations use the same parameter set for both species 1 and 2, with the exception of their 

thermal tolerance limits (Ti
min and Ti

max).         
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Figure 3.1: Each species has a distinct thermal niche along a temperature gradient 

with parameters and initial conditions such that the pre-climate change equilibrium 

population densities have endemic disease in the North only (blue dotted line). Figure 

1a shows the southern species (red line) and northern species (blue line) have limited range 

overlap due to the different temperature limits of their niches and the spatial temperature 

gradient, and although the southern species is susceptible to the disease, prior to climate 

warming there is no disease in the southern population (red dotted line) due to the spatial 

isolation. Figure 1b shows the thermal niche space for the southern (red dash-dotted line) 

and northern species (blue dash-dotted line). Note that the growth rate for both species is 

zero outside of their respective niche spaces. The temperature gradient (black line) linearly 

decreases with latitude and the upper and lower extent of both thermal niches correspond 

to specific temperature values along that gradient. As climate change occurs, this gradient 

is uniformly shifted in fixed increments through space.   
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In order to determine the parameter values that the disease does not spread into the 

southern population, we ran the simulation without climate change for 300 years (tstart > 

300) and required that the percent infection prevalence in the southern population was 

below 0.0001% at the final timestep. Using the same parameter set, we then allowed for 

climate warming to begin in year tstart = 200, which was adequate time for population 

densities to equilibrate into their niche space. We ran the simulations from time t=0 to time, 

t=300, with w=0.1 degree per year, therefore, simulating 100 years of climate warming 

(i.e., 300-tstart = 100).  

To perform our analyses, we use the fast fourier transform function to numerically 

calculate the convolution integrals of equations (4-9) and the dispersal kernel (3) in 

MATLAB 2018a. Computer code is available at: 

https://doi.org/10.6084/m9.figshare.c.4840686.v1 
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3.4  Results and Discussion 

Our numerical simulations (Figure 3.2) support our hypothesis that climate 

warming may induce the southward spread of disease, when host species ranges shift 

northwards. We reason that as climate warming occurs, the northern species lags behind 

its thermal tolerance limit, which increases the region of overlap between the southern and 

northern species (Figure 3.3). This lag that facilitates interspecies transmission is also noted 

in other single species moving habitat models (Berestycki et al. 2009, Zhou and Kot 2011). 

The increased overlap between the southern and northern host populations is not an 

assumed consequence of climate warming, but an emergent characteristic of the population 

and dispersal dynamics in response to a shifting thermal niche. Specifically, as the niche 

shifts northwards in response to climate warming some individuals do not track with their 

thermal niches, however, they do not immediately go extinct in habitat which has recently 

become inhospitable: a phenomenon which has been termed “extinction debt”, and has 

been demonstrated both empirically (Menendez et al. 2006, Talluto et al. 2017) and 

theoretically (Hurford et al. 2019, Zhou and Kot 2011). 
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Figure 3.2: Climate warming results in a northern shift in species distributions and 

southward disease spread. After equilibration of the populations to the densities shown 

in Figure 3.1 and (a), at tstart = 200, a temperature increase of 0.1 degree Celcius per year 

at every location along the thermal gradient is simulated for a total of 100 years. The 

densities of susceptible (solid line) and infected (dotted line) individuals for the southern 

species (red) and northern species (blue) shift northwards as climate warms ((b) t = 250 

after 50 years of warming; (c) t=275 after 75 years of warming, and (d) t=299 after 99 years 

of warming) and disease spreads into the southern population (b,c,d, red dotted line). After 

climate warming occurs the southern extent of the disease moves southward in space (f). 

Fatalities per timestep for the southern and northern population are shown in panel (e). 

Parameters are provided in Table B.1 in Appendix B.  
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Figure 3.3: When climate warming occurs, lagging northern infecteds “bridge the 

gap” between previously isolated populations, allowing disease to be transmitted to 

the uninfected southern population. (a) Prior to climate warming (t=199), the densities 

of southern susceptibles (solid red line) and northern infecteds (blue dotted line) do not 

overlap, in part due to the different thermal niches for each population (red and blue dash-

dotted lines). (b) After 25 years of continuous climate warming (t=225), the thermal niches 

of both populations have moved northwards (red and blue dashed-dotted lines), as have the 

population densities, although often lagging behind the thermal tolerance limits. The lag of 

the northern infected population (blue dotted line) behind its southern thermal tolerance 

limit (left-most blue dashed-dotted line) is sufficient to “bridge the gap” to the northern 

limit of the southern susceptible population (right-most red solid line). The infected 

northern individuals (blue dashed line) shown south of x = 40 occupy habitat that is too 

warm at t=225 years (b), and will ultimately go extinct even if no further climate warming 

occurs; however, extinction takes time and disease spread to the southern population is 

enabled via this transient persistence. Parameters are as for Figure 3.2 and the density of 

northern susceptibles and southern infected are not shown to clearly visualize the gap 

between northern infected and southern susceptibles. 
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Our result suggests public health implications that may have been previously 

overlooked, as it is unexpected that northward shifts in host species range may result in the 

southward spread of disease. However, the conditions required for the southern spread of 

disease may be restrictive: 1) there must exist a spatially isolated susceptible, but 

uninfected population in the south (i.e., see Figure 3.1); and 2) the southern population 

must not be so isolated that it fails to disperse into the regions occupied by the lagging 

infected northern population made recently suitable for the southern species due to climate 

warming. Specifically, Figures 3.2 and 3.3 illustrate a parameter space that gives rise to 

southward spreading disease, even in spite of northward shifting host species ranges, 

however, not all parameters spaces will yield such a results. Nonetheless, arctic rabies is a 

disease system exhibiting all the characteristics necessary for warming-induced southward 

disease spread. 

Example: Rabies in red fox and arctic fox  

 Historically, rabies has been endemic in Arctic fox (the “northern species”), while 

red foxes (the “southern population”) have remained disease-free with only sporadic 

outbreaks (Mork and Prestrud 2004, Tabel et al 1974). Whether the lack of rabies in red 

fox populations is the result of stringent vaccination regimes, or different transmission 

dynamics in southern areas is unclear. The northern range limit of red fox is driven by 

metabolic requirements and thermal tolerances, while the southern limit of the arctic fox 

range determined by interspecific competition with red foxes, a superior competitor 

(Hersteinsson and MacDonald 1992). Currently, the area of overlap for arctic and red fox 

occurs mainly from the Arctic circle to the southern end of the boreal forest, while some 
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exceptions occur to the north (i.e. both species are present on Ellesmere Island) 

(MacPherson 1964, Monchot and Grendon 2010). As climate change occurs, red fox and 

arctic fox distributions both move northward, and as this occurs, an increase in overlap 

amongst the two species can be observed in most areas (Gallant et al. 2012, Savory et al. 

2014). As such, the arctic rabies system agrees with the formulation of our pre- and post-

climate warming scenarios in that prior to climate warming, there exists and uninfected, 

but susceptible southern population (red fox), and climate warming induces increased 

overlap between the populations which results facilitates the southward spread of the 

disease. The epidemiological dynamics we assume (i.e. Susceptible-Infected spread, high 

virulence and no vertical transmission) are to be consistent with rabies, a lyssavirus 

known for its high virulence. Rabies has a latent stage that is not considered in our model, 

however, our timestep of 1 year is 10 to 15 times longer than the latency stage (Anderson 

et al. 1981, Mork and Prestrud 2004), therefore, we just consider an infectious stage. 

 The potential for climate warming induced rabies spread into southern regions has 

implications for rabies that reach beyond the arctic-red fox system. If rabies is spread 

southward, rabies’ disease range will overlap with more host species, specifically bats, 

skunks, and raccoons (Finnegan et al. 2002), which then presents a threat to these other 

species via spillover.  

We use rabies as a case study for illustration of our southward disease spread 

scenario, whereby climate warming increases the region of overlap between two host 

species, however, host-parasite systems where the free-living parasite is long-lived and 

able to withstand warmer temperatures than the host, are also systems where southward 
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disease spread may occur. In such systems, if the pathogen is shed, and the climate later 

warms, the distribution of the pathogen can lag behind the warm tolerance limit of the host. 

Although many pathogens can persist in the environment for a short period of time (ie., 

bovine brucellosis; Aune et al. 2012), chronic wasting disease (CWD), spread by infectious 

prions, can persist for more than 2 years in the environment, and prions from comparable 

diseases can persist for up to 16 years (Georgsson et al. 2006, Miller et al. 2004). While 

the spatial incidence of CWD has been fairly random, there are still some areas that are 

threatened by a southern spread, such as CWD moving southward from Alberta to 

Montana.  

Many studies have been able to show and observe northward shifts in disease as 

climate warming occurs in the Northern hemisphere (Bellard et al. 2013, Patz et al. 1996, 

Short et al. 2017), but less studied is the potential for southward disease spread induced by 

altered contact rates due to climate warming. We show that climate change itself, when 

paired with temperature dependent niche spaces and spatially structured host populations, 

can lead to increased disease incidence and prevalence due to spillover into southern 

populations. There is great potential for moving habitat models to be applied to systems 

where it is necessary to consider reproduction, survival, competition, and dispersal in 

multi-host epidemiological systems, providing valuable insight into novel climate-induced 

spatio-temporal dynamics. 
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Chapter 4: Conclusion and Summary 

Arctic rabies is a complex system with many unanswered questions. These 

questions come in the form of discrepancies between observed disease dynamics and those 

produced by mathematical models, in addition to the potential quantitative and qualitative 

shifts that a warming climate will likely induce. Arctic rabies is also unique in that it occurs 

in largely undeveloped areas of the world where research is difficult to coordinate and 

conduct. This leaves mathematical modeling as a powerful tool to understand, predict, and 

test rabies driven hypotheses. Despite this, there are few studies that explore the paradox 

between rabies persistence and the low densities that should not be able to maintain the 

disease, with Simon et al. (2019) being one of the foundational studies in which we worked 

forward from. Once we are able to understand what maintains rabies, we are still left with 

the question of what will become of it, given climate induced range shifts. 

To answer our first question, we were able to contextualize arctic rabies via 

developed metapopulation theory concepts in chapter 2. Contrary to theoretical 

calculations that report a critical density (KT) of approximately 1 fox/km2 for rabies 

endemicity, arctic rabies persists at densities well below this (Anderson et al. 1981, Simon 

et al. 2019). The calculation of KT = 1 fox/km2 assumes a uniform fox density across the 

landscape and unrestricted mixing between susceptible and infected foxes. We 

hypothesized that spatial heterogeneity, arising from resource distribution or social 

structure, may result in regions where rabies is endemic, even though average fox densities 

at the landscape-level are below KT. To expand on research investigating the persistence 

of arctic rabies, we examined arctic rabies via a two-patch structure. We found that rabies 
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can persist in a heterogeneous landscape, where the mean carrying capacity is below the 

threshold carrying capacity required for endemicity in a homogeneous landscape. Rabies 

endemicity in low-carrying capacity regions within heterogeneous landscapes is facilitated 

by high transmission rates, potentially due to ‘floater’ foxes; and when only latently-

infected or infected foxes move between patches. Our results suggest that rabies may 

persist in heterogeneous landscapes when the mean landscape-level carrying capacity is as 

low as ~0.25 foxes/km2 and on sink patches with densities as low as 0.036  foxes/km2. 

While our two-patch model was a useful simplification to study arctic rabies, there 

is still more research to be completed in order to fully apply metapopulation theory to arctic 

rabies. This includes delineating the scale at which foxes interact, both in terms of 

population dynamics (e.g. dispersal rates, genetic connectivity) and epidemic dynamics 

(e.g. the correlation of outbreaks across space), which would allow for a more thorough 

understanding of what a metapopulation structure denotes in fox populations. Other useful 

research could include a more detailed measurement of source populations, such as the 

densities around resource rich areas, and the connectivity of those areas to “sinks’. With 

that information, a metapopulation model would be able to be parametrized with much 

more precision than the parameter estimation used in this model. 

To answer our second question, we applied a moving habitat model to a 

multispecies disease system, which reflected the qualitative features of arctic rabies 

amongst its main host, arctic foxes, and its secondary host to the south, red foxes. Poleward 

movement of wildlife ranges and their corresponding diseases is supported by countless 

observations, empirical measurements, and predictions that explore a species’ response to 
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a warming climate (Bellard et al. 2013, Patz et al. 1996, Short et al. 2017). We considered 

an alternative scenario whereby disease moves southward rather than northward in 

response to climate induced range shifts. This is particularly relevant to viral, bacterial, and 

prion diseases that do not have thermal tolerance limits and are inextricably linked to their 

hosts distribution. We formulated a moving habitat integrodifference model with a 

Susceptible-Infected epidemiological structure for two competing species with different 

temperature-dependent niche spaces. We presented a scenario in which climate change 

facilitates disease movement southward through space as climate warming moves our niche 

space northward. Our results show that there is a counterintuitive scenario in which 

southern species may see an increase risk for disease outbreaks and incidence in response 

to climate change. We explored this in the context of rabies in arctic and red fox, and note 

the potential for southward spread and further spillover to additional hosts as the disease 

moves south, presenting an increasing zoonotic threat. 

Our third chapter was one of the primary attempts in the literature to understand 

disease dynamics in moving habitat models (Harsch et al. (2017) investigates SI disease 

dynamics in a single species moving habitat model, Leung and Kot (2015) investigate 

white pine blister rust, and Kura et al. (2019) investigate vector-borne mosquito diseases). 

We note the effects that using a rectangular niche space created, such as our need to 

definitively separate the two species’ thermal niche spaces in our primary simulation. The 

logical next step would be formulating a niche space based on a skew or standard 

distribution. This would address our assumption that for disease to be isolated prior to 

climate change, the populations must either be distinctly separate, or an alternative 
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assumption whereby one of the populations must transmit the disease far less than the other, 

and interspecies transmission must be reduced. By relaxing these assumption, it is likely 

that one could study disease dynamics in a moving habitat model where an endemically 

infected population has minor overlap with a disease free population, when both 

populations exhibit the same epidemiological characteristics.  

We were able to use developed modeling techniques to understand an 

epidemiological system that is not well understood. We were able to show that rabies can, 

in fact, persist in the low carrying capacities of the Arctic, and we were able to test the 

robustness of these results to assumptions based on mobility (i.e. floaters) and selective 

dispersal. We also simulated potential disease dynamics that may occur in a warming 

world; highlighting a counterintuitive scenario whereby disease will move southward. For 

wildlife managers, our results suggest that identification of disease sources, which are 

critical to the maintenance of rabies in the Arctic, may be the key to successful oral 

vaccination regimes for disease management and elimination. Our results will also clarify 

disease dynamics, should a southern wave of rabies arise; and our results delineate the 

transient area of overlap between two species undergoing climate induced range shift as 

the site of spillover and potential disease suppression via vaccination. With this research, I 

hope that I can contribute, and help others move towards a deeper understanding of rabies 

in the Arctic. 
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Appendix A 

A.1 Selective dispersal model 

The following model is a modified version of the previously stated two-patch model 

in chapter 2. In addition to our prior formulation, each equation here has 2 additional terms.  

The general dispersal from patch to patch, m12 and m21 have been modified to ms12, me12, 

mi12, and ms21, me21, mi21. The addition of the s, e, and i to each dispersal term represents 

the epidemiological compartment that is dispersing. This formulation allowed us to 

selectively disperse foxes of different disease statuses.  

𝑆1̇ = 𝑟S1  −  𝜇1S1N1  −  𝛽S1I1  −  S1𝑚12 − S1𝑚𝑠12 + S2𝑚21 + S2𝑚𝑠21  (1) 

𝐸1̇ =  𝛽S1I1  −  E1(𝑝 + 𝑑)  −  𝜇1E1N1 −  E1𝑚12 −  E1𝑚𝑒12 + E2𝑚21 + E2𝑚𝑒21 (2) 

𝐼1̇ =  𝑝E1  −  I1(𝑣 + 𝑑)  −  𝜇1I1N1 −  I1𝑚12 −  I1𝑚𝑖12 + I2𝑚21 + I2𝑚𝑖21  (3) 

𝑆2̇ = 𝑟S2  − 𝜇2S2N2  −  𝛽S2I2  −  S2𝑚21 −  S2𝑚𝑠21 + S2𝑚12 + S2𝑚𝑠12  (4) 

𝐸2̇ =  𝛽S2I2  − E2(ρ + 𝑑)  −  𝜇2E2N2 −  E2𝑚21 −  E2𝑚𝑒21 + E2𝑚12 + E2𝑚𝑒12 (5) 

𝐼2̇ =  ρE2  − I2(𝑣 + 𝑑)  −  𝜇2I2N2 −  I2𝑚21 − I2𝑚𝑖21 + I2𝑚12 + I2𝑚𝑖12  (6) 
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Figure A.1: Very low landscape level averages �̅�=0.7 fox/km2 (a) and �̅�=0.5 fox/km2 

(b) provide limited parameter space for endemicity (a) and can be exhausted of its 

disease by dispersal without effectively infecting the other patch (b).  �̅� =
(𝐾1 + 𝐾2) 2⁄ , is taken across the two patches in the landscape. The landscape-level  

prevalence (%) of rabies, is for ascending values of the low-carrying capacity patch 1, and 

the carrying capacity on patch 2 is 2K̅– K1. When K1 = K2=K̅/2 < KT, no disease occurs on 

either patch, however, as the variance in the Ki between the two patches increases, rabies 

becomes established on both patches in (a), although at extremely low prevalence. 

Dispersal is unidirectional with m12=0 and m21=0.1. Unless otherwise stated, all parameter 

values are as given in Table 2.1. 
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A.2 Blackwood formulation and floater model 

This model uses the same formulation as the equations presented in chapter 2, with 

the exception of the transmission term, which is further discussed here.  

Blackwood formulation: βS(I + φ) where the parameter φ represents the additive disease 

effect from floaters. This model assumes that when the infected animals on a patch go to 

zero, the floaters (ie. φ) continues to infect the population. Therefore, when disease 

dynamics lead to a fade out or burnout, the equilibrium prevalence of a population is 

proportional to φ. New infections are transmitted from floaters in every timestep, regardless 

of the population dynamics of residents, forcing an unstable disease free equilibrium 

(Brauer and van den Driessche 2001).  

Our formulation: (β∙bf)(I∙fp)S, where bf and fp are parameters that represent the efficacy of 

floater transmission relative to residents, and the proportion of infected floaters relative to 

residents. With this modification, we are able to elevate the population level transmission 

coefficient to account for floater-driven interactions. Although this model includes higher 

mobility through an additive infection term, we multiply the additive effect of floaters by 

the resident population, therefore, when S or I go to zero, so do the effects of floaters. This 

allows us to relax the assumptions of Blackwood et al. (2013) and Simon et al. (2019) that 

if the infected population on a patch goes extinct, then floaters can still infect the resident 

population by reemerging at every timestep in a proportion equal to φ. Because of this 

assumption, the Blackwood formulation forces an unstable disease-free equilibrium 

because new infections are transmitted from floaters in every timestep, regardless of 
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resident population dynamics, specifically K<KT. This formulation is not seen in the paper, 

as we just report the beta values that result from this multiplication. 
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Appendix B 

Table B.1: Parameter descriptions for the SI integrodifference model (equations 3-

11). Subscripts denote patch specific values. The parameter values are the same for each 

species, with the exception of their thermal tolerance range. 

Definition Parameter Value 

Northern species carrying capacity KN 6 individuals/space 

Southern species carrying capacity KS 6 individuals/space 

Northern species growth rate rN 1.64 yr-1 

Southern species growth rate rS 1.64 yr-1 

Northern species dispersal rate DN 1 yr-1 

Southern species dispersal rate DS 1 yr-1 

Competitive effect of northern species on southern species αNS 0.25 yr-1 

Competitive effect of southern species on northern species αSN 0.25 yr-1 

Northern species transmission coefficient  ΒN 2.5 space/year/individual 

Southern species transmission coefficient  ΒS 2.5 space/year/individual 

Virulence v 0.3 yr-1 

Southern species lower thermal tolerance  𝑇𝑆
𝑚𝑖𝑛 1°C 

Southern species upper thermal tolerance 𝑇𝑆
𝑚𝑎𝑥 15°C 

Northern species lower thermal tolerance  𝑇𝑁
𝑚𝑖𝑛 -15°C 

Northern species upper thermal tolerance 𝑇𝑁
𝑚𝑎𝑥 -1°C 

Temperature gradient  c 0.1°C 

 

 

 

 

 


