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ABSTRACT 17 

The high frequency of modern travel has led to concerns about a devastating pandemic 18 

since a lethal pathogen strain could spread worldwide quickly. Many historical 19 

pandemics have arisen following pathogen evolution to a more virulent form. However, 20 

some pathogen strains invoke immune responses that provide partial cross-immunity 21 

against infection with related strains. Here, we consider a mathematical model of 22 

successive outbreaks of two strains – a low virulence strain outbreak followed by a high 23 

virulence strain outbreak. Under these circumstances, we investigate the impacts of 24 

varying travel rates and cross-immunity on the probability that a major epidemic of the 25 

high virulence strain occurs, and the size of that outbreak. Frequent travel between 26 

subpopulations can lead to widespread immunity to the high virulence strain, driven by 27 

exposure to the low virulence strain. As a result, major epidemics of the high virulence 28 

strain are less likely, and can potentially be smaller, with more connected 29 

subpopulations. Cross-immunity may be a factor contributing to the absence of a global 30 

pandemic as severe as the 1918 influenza pandemic in the century since.  31 
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 36 

1. INTRODUCTION 37 

 38 

Outbreaks of infectious disease are responsible for around 14 million deaths annually 39 

[1,2]. In recent years, there have been a number of epidemics that have sparked fears 40 

that a global pandemic might develop [3]. Outbreaks such as the 2013-16 Ebola 41 

epidemic in West Africa did not develop into a global pandemic [4]. Other outbreaks, for 42 

example the 2009 H1N1 influenza pandemic, have included cases in countries 43 

worldwide [5], but have not been as destructive as initially feared [6]. Historically, 44 

however, there have been severe global pandemics. The 1918 ‘Spanish flu’ pandemic 45 

killed around 50 million people [7], and the 1958 and 1968 influenza pandemics caused 46 

around one million deaths each [8,9]. These outcomes viewed collectively raise a 47 

number of questions: how likely is a global pandemic now, and has the lack of a 48 

devastating global pandemic in recent years been simply a matter of luck? 49 

 50 

A number of factors affect the pandemic potential when a pathogen first appears in a 51 

host population. These include the spatial distribution of hosts and the level of mixing 52 

between subpopulations [10,11]. When a pathogen enters a population, a high host 53 

density within subpopulations and a high contact rate between subpopulations are most 54 

likely to represent appropriate conditions for a major epidemic and lead to high epidemic 55 

growth rates [12-15]. The modern world increasingly satisfies these conditions, with 56 

growing population sizes and large numbers of individuals living in urban centres, as 57 

well as the high frequency of worldwide airline travel [16]. Hence, one might expect the 58 

probability of a global pandemic, as well as its potential severity, to be at an all-time 59 

high. 60 

 61 
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However, the determinants of the dynamics of infectious disease outbreaks are 62 

numerous and the above assertions ignore an important feature: cross-immunity 63 

obtained from pathogen exposures in previous outbreaks. Viral, bacterial and eukaryotic 64 

pathogens, such as the influenza virus, Streptococcus pneumoniae and the malaria 65 

parasite, evolve in an attempt to avoid control by the immune system [17,18] and in 66 

response to interventions such as vaccines [19-21]. Nonetheless, such immune evasion 67 

is not perfect. Hosts that have been infected by a particular strain and acquired 68 

immunity to that strain may also be at least partially cross-immune to infection with 69 

related strains [22-25]. Previous infections with immunologically related strains of a 70 

pathogen can therefore be beneficial to hosts, as they might provide protection against 71 

future infections with other potentially more virulent strains. 72 

 73 

Cross-immunity between related pathogen strains has been shown to impact on 74 

pathogen dynamics and the structures of pathogen populations [26,27]. Cross-immunity 75 

might also be expected to affect the threat of a major epidemic. The 2009 H1N1 76 

outbreak, for example, was not as destructive as feared, potentially as a result of 77 

decreased population susceptibility due to cross-immunity [28-31]. Here we develop a 78 

mathematical model to investigate the impact of cross-immunity on the chance of a 79 

major epidemic. We consider a general system emulating the dynamics of an outbreak 80 

of a pathogen of high virulence in two connected subpopulations, when cross-immunity 81 

is present from a previously circulating low virulence strain. We illustrate the principle 82 

that high rates of travel between subpopulations can decrease the probability of a major 83 

epidemic of a high virulence strain, and that the expected outbreak size can be either 84 

increased or decreased when there is a higher rate of travel between subpopulations. In 85 

a connected world, novel pathogens could spread worldwide through immunologically 86 

naïve populations extremely quickly. However, epidemics of existing pathogens may be 87 

less frequent, and potentially smaller, due to cross-immunity between pathogen strains 88 

– an important, but previously underappreciated, factor. 89 

 90 

 91 

2. RESULTS 92 
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 93 

Motivated by the spread of pathogens between geographically separate regions, we 94 

considered pathogen transmission in a population consisting of two spatially distinct 95 

subpopulations (Fig 1). Two outbreaks were assumed to occur. First, an outbreak of a 96 

low virulence (LV) strain of the pathogen that has the potential to generate a large 97 

number of cases but that is unlikely to lead to a large number of deaths. Then, an 98 

outbreak of a related high virulence (HV) strain of the pathogen. Individuals infected in 99 

the first outbreak were partially cross-immune against infection in the second outbreak. 100 

It is the probability of a major epidemic of the HV strain and the possible final sizes of 101 

the HV strain outbreak that are our main concerns in this article. 102 

 103 

[Figure 1.  Schematic illustrating how outbreaks are simulated using the two-104 

subpopulation model. Circles represent susceptible (S1, S2), Infected (I1, I2) and 105 

removed (R1, R2) individuals in subpopulations 1 and 2, while the rates of transfer of 106 

individuals between these classes are given on the arrows connecting the circles (see 107 

Methods and Supplementary Material). An outbreak of the LV strain is assumed to 108 

occur, followed by an outbreak of the HV strain. Individuals infected in the LV strain 109 

outbreak are conferred cross-immunity at a level � against infection with the HV strain.] 110 

 111 

 112 

Outbreak dynamics in a single subpopulation 113 

 114 

We initially considered outbreak dynamics in a single population. When the HV strain 115 

arrived in the population, its effective reproduction number was reduced if individuals 116 

had previously been infected by the LV strain. The higher the cross-immunity (governed 117 

by the level of cross-immunity, 0 � � � 1), the lower the effective reproduction number 118 

of the HV strain (Fig 2a). The higher the basic reproduction number of the LV strain, 119 

��
��, the lower the expected effective reproduction number of the HV strain, since the LV 120 

strain would then have been likely to have generated more cases, leading to increased 121 

numbers of individuals partially cross-immune against the HV strain outbreak (Fig 2a). 122 

 123 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 31, 2018. ; https://doi.org/10.1101/404871doi: bioRxiv preprint 

https://doi.org/10.1101/404871


Similarly, when the HV strain arrived in the population, the probability of a major 124 

epidemic (i.e. successful invasion of the host population) following decreased as the 125 

level of cross-immunity increased (Fig 2b), as did the final size of major epidemics of 126 

the HV strain (Fig 2c). The expected number of HV strain infections, accounting for the 127 

possibility that outbreaks may fade-out without becoming major epidemics, also 128 

decreased when the level of cross-immunity increased (Fig 2d). Furthermore, these 129 

quantities were also all reduced when the LV strain was more transmissible (see 130 

different lines in Figs 2b-d).  131 

 132 

While the results in Figs 2a-d were obtained using analytic expressions (see 133 

Supplementary Material), we also considered stochastic simulations of the model. 134 

Figure 3 exemplifies a stochastic implementation of the model and supports the analytic 135 

result that cross-immunity lowers the probability of a major epidemic of the HV strain in 136 

addition to its final size. The results in Figs 3b-c can be compared with Figs 2b-c: for 137 

� � 0 and � � 0.5, the probability of a major epidemic in Fig 2b when ��
�� � 2 takes the 138 

values 0.68 and 0.43, respectively – matching the percentage of outbreaks that are 139 

major epidemics in Figs 3b and 3c. Similarly, for � � 0 and � � 0.5, the total numbers of 140 

infections in Fig 2c when ��
�� � 2 are 940 and 693, respectively – which are also 141 

consistent with the major epidemics simulated in Figs 3b-c. 142 

 143 

[Figure 2. The impact of cross-immunity on outbreaks of the HV strain in a single 144 

population. (a) The effective reproduction number of the HV strain (��); (b) The 145 

probability of a major epidemic of the HV strain; (c) The final size of the HV strain 146 

outbreak when a major epidemic occurs (��
��
∞�); (d) The expected total number of 147 

individuals infected by the HV strain, allowing for the possibility of a major epidemic or 148 

fade-out without causing a major epidemic. The level of cross-immunity (�) is displayed 149 

on the x-axis, and lines represent different values of the basic reproduction number of 150 

the LV strain, ��
��. A major epidemic of the LV strain was assumed to occur prior to the 151 

arrival of the HV strain in the population. Outbreaks of the HV strain were seeded with a 152 

single infected individual, with all other individuals susceptible (either immunologically 153 
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naïve, ��, or cross-immune following infection with the LV strain, ��). Parameter values: 154 

� � 1000, � � 1, ��
�� � 3. For a description of the parameters, see Table S2.] 155 

 156 

[Figure 3. Cross-immunity leads to fewer and smaller major epidemics. Simulations of 157 

the model in a single population showing: (a) The LV strain major epidemic; (b) The 158 

subsequent HV strain outbreak, if there is no cross-immunity (� � 0); (c) As in panel b, 159 

but with cross-immunity (� � 0.5). Parameter values: 160 

� � 1000, � � 1, � � 0.143 day	�, ��� � 2.86 � 10	
 day	� 
so that ��
�� � 2�, ��� �161 

4.29 � 10	
 day	� 
so that ��
�� � 3�. For a description of the parameters, see Table S2. 162 

The blue regions represent quantiles of simulations of major epidemics and the red 163 

dotted line represents the median values. In panels b-c, there are also thin light blue 164 

areas at the bottoms of the panels showing outbreaks that fade-out without causing 165 

major epidemics. The light blue area is omitted in panel a, since we only consider major 166 

epidemics of the LV strain. Simulations are run in the same fashion as in the case of 167 

two connected subpopulations but with the rate of travel between subpopulations set to 168 

! � 0, and with the outbreak always seeded with a single infected individual in the first 169 

subpopulation with the remaining N – 1 individuals susceptible. In the HV strain 170 

epidemic, each susceptible individual is either immunologically naïve and in the class 171 

��, or cross-immune following infection with the LV strain and in the class ��.] 172 

 173 

 174 

Outbreak dynamics in the two-subpopulation model 175 

 176 

We then considered outbreak dynamics in two connected subpopulations and assessed 177 

the impact of the extent of travel between subpopulations (governed by the parameter 178 

!), as well as the inherent within-subpopulation transmissibility of the LV and HV strains 179 

(governed by the parameter �), on outbreaks of the HV strain. We considered the 180 

effects of these parameters on the probability of a major epidemic of the HV strain (Fig 181 

4a-c), the final size of an outbreak if a major epidemic is assumed to occur (Fig 4d-f), 182 

and the expected final size accounting for the fact that outbreaks can either fade out as 183 

minor outbreaks or take off as major epidemics (Fig 4g-i). We found that increased rates 184 
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of travel between subpopulations led to a lower probability of a major epidemic of the 185 

HV strain. This is due to the probability of a major epidemic of the HV strain being 186 

governed by local susceptibility when the HV strain first arrives in the population. Thus, 187 

increased travel between subpopulations increases the probability that the LV strain has 188 

previously caused an epidemic in the subpopulation where the HV strain arrives and 189 

conferred some immunity against the HV strain in that subpopulation. The decreased 190 

chance of a major epidemic when between-subpopulation travel was increased was 191 

particularly pronounced when the strains driving the LV and HV epidemics were very 192 

transmissible and the level of cross-immunity was high (see rightmost region of Fig 4c, 193 

in which there is a large reduction in the probability of a major epidemic from the bottom 194 

to the top of the figure).  195 

 196 

If the between-subpopulation connectivity was high when major epidemics occurred, 197 

those epidemics tended to be more severe (Fig 4d-e). This was not the case at very 198 

high levels of cross-immunity (Fig 4f). However, the expected total number of HV strain 199 

infections, accounting for the possibility that the outbreak either took off and became a 200 

major epidemic or faded out without spreading widely, was reduced as the extent of 201 

between-subpopulation travel increased when the level of cross-immunity was high (e.g. 202 

Fig 4h-i), but increased for low levels of cross-immunity (Fig 4g). 203 

 204 

The outcome that the expected final size of major epidemics of the HV strain was 205 

unaffected by between-subpopulation travel when the level of cross-immunity was high 206 

(Fig 4f) can be explained as follows. The LV strain was assumed to always generate a 207 

major epidemic in subpopulation 1. In that subpopulation, the cross-immunity conferred 208 

was so high that a major epidemic of the HV strain could never occur in that 209 

subpopulation. Consequently, the only way that a major epidemic of the HV could occur 210 

in the overall population was if a major epidemic of the LV strain did not occur in 211 

subpopulation 2, and the HV strain outbreak was seeded in subpopulation 2 and went 212 

on to cause a major epidemic. Conditional on this scenario occurring, the size of that 213 

major epidemic would be unaffected by the rate of between-subpopulation travel, as can 214 

be seen in Fig 4f. The value in Fig 4f when � � 1 is 940 (cf. the leftmost value in Fig 2c). 215 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 31, 2018. ; https://doi.org/10.1101/404871doi: bioRxiv preprint 

https://doi.org/10.1101/404871


 216 

[Figure 4.  The impact of within- and between-subpopulation travel on outbreaks of the 217 

HV strain in the two-subpopulation model. The left, middle and right columns are results 218 

with the level of cross-immunity, �, equal to 0.5, 0.7 and 0.9, respectively. (a)-(c): the 219 

probability of a major epidemic of the HV strain; (d)-(f): the expected final size of major 220 

epidemics of the HV strain; (g)-(i): the expected total number of the HV strain infections, 221 

allowing for the possibility of a major epidemic or fade-out without causing a major 222 

epidemic. A major epidemic of the LV strain is assumed to occur in at least one 223 

subpopulation and is seeded by a single infected individual in subpopulation 1 (see Fig 224 

1 and Supplementary Material). Outbreaks of the HV strain are seeded with a single 225 

infected individual in a subpopulation chosen at random, with all other individuals in 226 

both subpopulations susceptible. Parameter values: � � 1000 individuals per 227 

subpopulation, within-subpopulation basic reproduction numbers ��
�� � 2�, ��

�� � 3�. 228 

For a description of the parameters, see Table S2.] 229 

 230 

We also verified that our results in Fig 4, which were derived numerically for 231 

computational efficiency and based on analytical expressions (see Supplementary 232 

Material), matched the results of stochastic simulations (we show results analogous to 233 

the middle column of Fig 4 in Fig S1). 234 

 235 

 236 

3. DISCUSSION 237 

 238 

The large increase in international travel over the last century might be assumed to 239 

have resulted in a high chance of a devastating global pandemic (see e.g. [32]). Here 240 

we have used a general epidemiological model to demonstrate that an important, yet 241 

often overlooked, factor in the dynamics of a newly introduced high-virulence (HV) 242 

pathogen strain is partial immunity driven by exposures to related pathogen strains. 243 

When a HV pathogen strain arrives in a population following an epidemic of a related 244 

but low virulence (LV) strain, the probability of a major epidemic of the HV strain is 245 

decreased. High rates of travel between spatially distinct subpopulations can drive 246 
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larger outbreaks of low virulence pathogens, in turn providing higher levels of immunity 247 

if/when a HV strain, which has the potential to cause a devastating epidemic, appears in 248 

the population (Fig 4a-c). 249 

 250 

Not only did we find that the probability of a major epidemic of the HV strain decreases 251 

when travel between subpopulations increases, but the expected final size of the HV 252 

strain outbreak can also be reduced. This was particularly pronounced when the level of 253 

cross-immunity between strains was high (Fig 4i), since lower cross-immunity levels 254 

combined with high travel rates can lead to large epidemics due to increased mixing 255 

between subpopulations (Fig 4g). When between-subpopulation travel was increased, 256 

the reduction in the probability of a major epidemic of the HV strain, and the expected 257 

size, was largely due to cross-immunity reducing the proportion of outbreaks that 258 

proceeded to become major epidemics. If/when major epidemics occurred, we found 259 

that they were typically larger when there was more travel between regions (Fig 4d-e), 260 

although this was not always the case, particularly when the level of cross-immunity 261 

was very high (Fig 4f). 262 

 263 

Partial cross-immunity against a highly virulent strain from prior exposure to a less 264 

virulent strain is characteristic of influenza outbreaks in different seasons. For example, 265 

it has been suggested that individuals born before 1890 were protected against the 266 

1918 H1N1 pandemic due to the outbreak in 1889-90 [33] and that individuals infected 267 

with multiple historical seasonal H1N1 influenza strains were protected against the 2009 268 

H1N1 influenza pandemic strain [34]. Our results suggest that cross-immunity might be 269 

a potential explanatory factor as to why there has not been a pandemic as devastating 270 

as the 1918 influenza epidemic in the century since, despite the emergence of a strain 271 

antigenically similar to the 1918 pandemic strain in 2009. Travel rates increased 272 

substantially during the 20th century. As a theoretical exercise, we obtained crude 273 

estimates of the travel rates from Europe to the USA, comparing rates during the early 274 

20th century with current travel rates. For the early 20th century rates, we used registry 275 

statistics from USA ports from 1914 to 1924 (see Supplementary Material Section 5). 276 

Oceanic travel should approximate overall trans-Atlantic travel in this time period, as 277 
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other modes of long-distance travel were extremely rare. This yielded the approximation  278 

! " 3.6 · 10	� per day. Conversely, when estimating current rates of travel from 279 

European countries to the USA, approximated using data on air travel, we obtain much 280 

higher values of ! " 3.7 · 10	
 per day. It might be expected that such a significant rise 281 

in travel in this time period might have reduced the risk of a global pandemic of a 282 

pathogen with circulating strains that induce cross-immunity. 283 

 284 

Cross-immunity is known to affect the dynamics of outbreaks of various pathogens. 285 

Vibrio cholera, for example, exhibits almost complete cross-immunity between strains (a 286 

study by Koelle et al. [35] used a cross-immunity level of � �  0.955). On the other 287 

hand, human Respiratory Syncytial Virus (hRSV) has been shown to provide incomplete 288 

cross-immunity against infections from the same virus group (� " 0.6, [36]). It also 289 

provides low levels of cross-immunity again hRSV infections from different virus groups 290 

(� " 0.16, [36]), and partial cross-immunity against infections with human Parainfluenza 291 

Virus [37]. 292 

 293 

While we have chosen to focus on pathogens affecting human populations, we note that 294 

cross-immunity might also impact on the pandemic potential for pathogens of animals 295 

and plants. Cross-immunity between pathogen strains is a feature of pathogens of 296 

animals including Trypanosoma congolense [38] and pathogens of plants including 297 

Tobacco mosaic virus and Potato virus X [39]. Furthermore, the effect of cross-immunity 298 

on plant or animal disease outbreaks might also be changing due to alterations in the 299 

worldwide movement of hosts. For example, climate change appears to be modifying 300 

the spatial distributions of animal populations [40] and the plant nursery trade is more 301 

active than ever before [41]. We also note that, while we focussed on cross-immunity 302 

between different pathogen strains, a related concept is protection against reinfection 303 

with the same (or very similar) strain – often referred to as homologous interference or 304 

superinfection exclusion – which has been demonstrated for a number of pathogens of 305 

plants or animals [42]. 306 

 307 
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We aimed here to develop the simplest model possible characterising the spread of a 308 

pathogen between spatially distinct populations. For assessing the probability of a major 309 

epidemic of a specific virulent strain of a pathogen in a particular host population, the 310 

model would need to be extended and adjusted. For example, the process of mutation 311 

of the pathogen from the low virulence strain to the high virulence strain may have to be 312 

modelled explicitly. If the mutation occurs a long period after the previous major 313 

epidemic of the non-virulent strain, cross-immunity might be expected to have waned 314 

compared to if the low and high virulent strain epidemics occur in quick succession. The 315 

cumulative effects of a number of past outbreaks of different related strains might also 316 

have to be considered when a high virulence strain enters a host population [25,34]. 317 

Different types of partial cross-immunity could be considered. Here we have assumed 318 

that exposure to the LV strain reduces the probability of infection with the HV strain, 319 

whereas for some infections cross-immunity may instead (or also) act to reduce the 320 

severity of disease [43,44]. As an example, epidemiological isolation leading to high 321 

mortality rates of infections may explain the mass mortality in pacific island populations 322 

between the 16th and 19th centuries [45].  323 

 324 

Nonetheless, we have demonstrated the principle that increased global travel might not 325 

necessarily mean that large pandemics are more likely in the present day than 326 

previously. On the contrary, our results demonstrate that there may exist conditions 327 

under which increased travel between subpopulations might reduce the probability and 328 

size of major epidemics. The size of an epidemic of an entirely new pathogen, or a 329 

strain that is antigenically distinct from previous circulating strains, is likely to be larger 330 

when there is more travel. This is because the pathogen would then be entering a 331 

population that is immunologically naïve and additional mixing provides the opportunity 332 

for more transmission events. However, we have focussed on epidemics occurring due 333 

to variants of pre-existing pathogens since these have driven a substantial number of 334 

past pandemics. Predicting which pathogen is likely to cause the next major pandemic 335 

is challenging [46]. Our study has led us to support the assertion of the World Health 336 

Organisation that the pandemic threat is greatest from an unknown strain of a known 337 
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pathogen, or a pathogen that we have not previously encountered, the so-called 338 

disease X [47]. 339 

 340 

 341 

4. METHODS 342 

 343 

Mathematical model 344 

 345 

LV strain outbreak  346 

 347 

We first considered an outbreak of a low virulence (LV) strain. Individuals were 348 

classified according to whether they were ()usceptible to the LV strain, (%)nfected, or 349 

(�)ecovered and immune to that strain. Within a single subpopulation, the deterministic 350 

SIR model is given by 351 

 352 

d
d& � '����%, 

     d%
d& � ����% ' �%, 

                          d�
d& � �%.                                
1� 

 353 

The parameter � is a proxy for the frequency of within-subpopulation travel and governs 354 

the magnitude of the contact rate within the subpopulation. This parameter is also used 355 

in the subsequent high virulence (HV) strain outbreak (see below). The LV strain 356 

epidemic was assumed to follow stochastic SIR dynamics, analogous to the system of 357 

equations (1) within each subpopulation, with individuals also travelling between 358 

subpopulations at rate ! per day (see Fig 1 and Supplementary Material). 359 

 360 

HV strain outbreak 361 

 362 
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We then considered a subsequent outbreak of the HV strain in the population, that is 363 

also governed by stochastic SIR dynamics in each subpopulation but extended to 364 

account for cross-immunity. 365 

 366 

Individuals infected in the LV strain epidemic were partially protected against the HV 367 

strain epidemic.  The extent of immunity against the HV strain conferred by the LV strain 368 

was governed by a parameter 0 � � � 1, which changed the probability of successful 369 

infection by a multiplicative factor 1 ' � if the host had previously been infected by the 370 

LV strain compared to if the host had not previously been infected by the LV strain. The 371 

value � � 0 thereby corresponded to no cross-immunity, � � 1 corresponded to 372 

complete cross-immunity, and intermediate values of � corresponded to partial cross-373 

immunity. 374 

 375 

Individuals were classified according to whether they were (�)usceptible and not 376 

partially cross-immune against the HV strain, (�)usceptible and partially cross-immune, 377 

(%)nfected, or (�)ecovered and immune to that strain or dead. The deterministic 378 

analogue in a single subpopulation to the model that we considered to represent the HV 379 

strain outbreak is 380 

 381 

d�d& � '����%�, 
d�d& � '����
1 ' ��%� , 
d%
d& � ����%� ( ����
1 ' ��%� ' �%, 
d�
d& � �%.                                                              
2� 

 382 

When the HV strain arrived in the subpopulation, initial cases could either develop into a 383 

major epidemic or fade-out as a minor outbreak. The within-subpopulation basic 384 

reproduction numbers of the LV and HV strains were denoted by ��
�� and ��

��, 385 

respectively (see Supplementary Material). In the HV strain outbreak, like in the 386 
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previous LV strain outbreak, we also assumed that individuals travelled between 387 

subpopulations at rate ! per day (see Fig 1). 388 

 389 

 390 

Background theory 391 

 392 

Before considering the full model, we derived the probability of a major epidemic and 393 

the expected final size conditional on a major epidemic when the pathogen first arrived 394 

in a subpopulation, ignoring any effects of migration between subpopulations. 395 

 396 

LV strain epidemic 397 

 398 

When the LV strain, with within-subpopulation basic reproduction number ��
�� > 1, 399 

arrived in a single fully susceptible population, the probability of a major epidemic 400 

following was approximately 401 

 402 

Prob
major epidemic� " 1 ' 2 1
��
��3

���

, 
 403 

where I(0) is the number of infected hosts that were infected initially (see e.g. [48,49]). 404 

 405 

If a major epidemic occurred, the expected number of individuals infected over the 406 

course of the epidemic was approximated by the solution, ���
∞�, of the final size 407 

equation (see equation (S3) in the Supplementary Material), 408 

 409 

���
∞� � � ' � exp 5	���������
�

6. 410 

 411 

HV strain epidemic 412 

 413 

When the HV strain appeared in a subpopulation, if a major epidemic of the LV strain 414 

had not occurred in that subpopulation, then the probability of a major epidemic was 415 
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 416 

7
major epidemic� " 1 ' 2 1
��
��3

���

, 
 417 

whenever ��
�� 8 1, where %
0� is the initial number of hosts infected by the HV strain at 418 

the start of the HV strain outbreak. The final size if a major epidemic occurred was then 419 

given by the solution, ��
��
∞�, of the final size equation 420 

 421 

��
��
∞� � � ' � exp 2'��

����
��
∞�

� 3. 
 422 

However, when the HV strain arrived in the subpopulation, if a major epidemic of the LV 423 

strain had occurred previously, then the population was not fully susceptible due to 424 

partial cross-immunity. The effective reproduction number of the HV strain when it 425 

arrived in the population was then �� � ������	���

�
, where 9 � �����

�
 is the proportion of 426 

individuals infected in the LV strain epidemic (see Supplementary Material Section 2). 427 

 428 

The resulting probability of a major epidemic of the HV strain was then 429 

 430 

7
major epidemic� " 1 ' : 1
��

;���, 
 431 

whenever �� > 1, and if a major epidemic occurred, the final size was approximated by 432 

numerically solving the system of equations (2). 433 

 434 

 435 

Possible outcomes of LV and HV strain outbreaks in two subpopulations 436 

 437 

When we considered the full model, consisting of two subpopulations (denoted 1 and 2), 438 

we assumed without loss of generality that the LV strain arrived in subpopulation 1. 439 

Since we were only interested in the effect of cross-immunity on outbreaks of the HV 440 
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strain, we assumed that the LV strain successfully invaded the population. As a result, a 441 

major epidemic of the LV strain occurred in subpopulation 1.  442 

 443 

Eight outcomes were then possible (see Table S1). A major epidemic of the LV strain 444 

may or may not occur in subpopulation 2.  Then, major epidemics of the HV may or may 445 

not occur in each of subpopulations 1 and 2. Calculation of the probabilities of each of 446 

these outcomes, as well as the expected numbers of individuals infected by the LV and 447 

HV strains in each subpopulation, are described in the Supplementary Material. 448 

 449 
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