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• How will interactions between species and biodiversity

impact pathogen evolution?

• Contact network between species 

• Epi-evolutionary model 

• Niche expansion
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Pathogen evolution and spillover events

The projected number of novel viral sharing events among
mammal species in 2070. Adapted from [1]

[1] Carlson, Colin J., et al. "Climate change increases cross-species viral transmission risk.
" Nature 607.7919 (2022): 555-562.



Spillover barriers

• The between-species barrier (A) 

• The within-host barrier (B)

• The within-species barrier (C)

Adapted from [2]

[2] Kuiken, Thijs, et al. "Host species barriers to influenza virus infections.
" Science 312.5772 (2006): 394-397.
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Contact network

Adapted from [3]

[3] Craft, Meggan E. "Infectious disease transmission and contact networks in wildlife and livestock.
" Philosophical Transactions of the Royal Society B: Biological Sciences 370.1669 (2015): 20140107.

𝜏 - Probability of pathogen
transmission

𝑐 - Contact rate
𝛽 = 𝜏𝑐 - Transmission rate

(𝑐)

= 𝜏 ∗



Epi-evolutionary model 

Infected (𝐼)

Recovery rate (𝛾)Transmission rate (𝜏𝑐)

Susceptible (𝑆)

SIS model:

Susceptible (𝑆)

Contact (𝑐)



Epi-evolutionary model 

SIS model:

𝑑𝑆

𝑑𝑡
= 𝛾𝐼 − 𝜏𝑐𝑆

𝐼

𝑁

𝑑𝐼

𝑑𝑡
= 𝜏𝑐𝑆

𝐼

𝑁
− 𝛾𝐼 𝐼

Recovery rate (𝛾)Transmission rate (𝜏𝑐)

𝑆 𝑆

𝑁 = 𝑆 + 𝐼 Population size
Contact (𝑐)



Epi-evolutionary model 

𝛾(𝑧2)

𝑆

Epi-evolutionary SIS model:
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𝑆

𝐼

𝑧 – Pathogen strategy

𝐼(𝑧𝑛𝑝)

𝐼(𝑧2)



Epi-evolutionary model

Mutations:

𝐼(𝑧𝑖)

𝐼(𝑧1)

𝜇𝑚(𝑧𝑖 , 𝑧2)𝜌(𝑧2, 𝑧𝑖)

𝜇 - Mutation rate

𝑚(𝑧𝑟 , 𝑧𝑚) - probability of a resident type 
𝑧𝑟 giving rise to a mutant type 𝑧𝑚

𝜌 𝑧𝑚, 𝑧𝑟 - Fitness of mutant type 𝑧𝑚
within infected host type 𝑧𝑟

𝐼(𝑧2)

𝐼(𝑧𝑁𝑝)



𝑑𝐼(𝑧𝑖)

𝑑𝑡
= 𝐼 𝑧𝑖 𝜏 𝑧𝑖 𝑐

𝑆

𝑁
− 𝛾(𝑧𝑖) − 𝜇 

𝑗∈𝑵𝑝

𝐼 𝑧𝑖 𝑚(𝑧𝑖 , 𝑧𝑗)𝜌(𝑧𝑗 , 𝑧𝑖) − 

𝑗∈𝑵𝑝

𝐼 𝑧𝑗 𝑚(𝑧𝑗 , 𝑧𝑖)𝜌(𝑧𝑖 , 𝑧𝑗)

𝑟 𝑧𝑖 - per capita growth rate 

Epi-evolutionary model 

Change of infected with pathogen strategy 𝑧𝑖

Mutation
𝑵𝑝 - Pathogen 

strategy index set



Adapted from [4]

[4] Longdon, Ben, et al. "The evolution and genetics of virus host shifts.“
PLoS pathogens 10.11 (2014): e1004395.

Host phylogenetic tree:

Multispecies

Specialization



Niche expansion:

Multispecies

Adapted from [5]

[5] Sjödin, Henrik, Jörgen Ripa, and Per Lundberg. "Principles of niche
expansion." Proceedings of the Royal Society B 285.1893 (2018): 20182603.



Niche expansion:

Multispecies
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Consumer strategy (𝑊,𝜇)

𝜇

𝑊 - Niche width
𝜇 - Niche position



𝑆𝐶𝑆𝐴 𝑆𝐵

𝑆

Resources

Types of resources

Multispecies

• Resource = susceptible cells in individuals
• Resource type = susceptible cells of a 

species
• Niche position = pathogen strategy 𝑧

From the perspective of the pathogen



Resource type 𝑥

A

B

C

Species phylogenetic tree 

Mapping

𝜏

CBA

Multispecies

Pathogen Strategy (𝑧)

(or Compatibility space 𝑥)



Resource type 𝑥

Pathogen Strategy (𝑧)

A

B

C

Species phylogenetic tree 

Mapping

𝜏

Multispecies

𝜏

Pathogen Strategy (𝑧)



𝐼𝐴 𝑧1

𝐼

𝑆𝐶𝑆𝐴 𝑆𝐵

𝑆

Multispecies

𝐼𝐴 𝑧2

𝐼𝐴 𝑧𝑛𝑝 𝐼𝐵 𝑧𝑛𝑝

𝐼𝐵 𝑧1

𝐼𝐵 𝑧2

𝐼𝐶 𝑧1

𝐼𝐶 𝑧2

𝐼𝐶 𝑧𝑛𝑝



𝑆𝐴 𝐼𝐴 𝑧

𝜏𝐴(𝑧)𝑐𝐴,𝐴

𝐼𝐶 𝑧

𝐼𝐵 𝑧
𝜏𝐴(𝑧)𝑐𝐴,𝐵

𝜏𝐴(𝑧)𝑐𝐴,𝐶

𝐼𝐴 𝑧

Infection pathways𝐼

Multispecies



𝑑𝐼𝑖 𝑧

𝑑𝑡
= 𝑆𝑖𝜏𝑖 𝑧 

𝑗∈𝑵𝑠

𝑐𝑗,𝑖
𝐼𝑗 𝑧

𝑁𝑗
− 𝛾𝑖 𝑧 𝐼𝑖 𝑧 + mutation terms

Multispecies

𝑖 - Focal species

𝑵𝑠 - Species index set

𝑐𝑗,𝑖 - Contact rate between

species 𝑖 and 𝑗

Infection pathways

Change of infected with pathogen strategy 𝑧 in 
focal species 𝑖

Change of infected with pathogen strategy 𝑧

𝑑𝐼 𝑧

𝑑𝑡
= 

𝑖∈𝑵𝑠

𝑑𝐼𝑖 𝑧

𝑑𝑡
= 𝐼 𝑧 

𝑖∈𝑵𝑠

𝑆𝑖𝜏𝑖(𝑧)
𝑐∗,𝑖
𝑁∗

− ҧ𝛾∗ 𝑧 + 

𝑖∈𝑵𝑠

mutation terms

𝑟 𝑧 - per capita growth rate 



Description Reaction Reaction propensity (𝛼𝜇) Depends on (𝛼𝜇) Affects (𝜇)

Infection

𝑆𝑖 + 𝐼𝑗 𝑧

𝜏𝑖(𝑧)
c𝑗,𝑖

𝑁𝑗
𝐼𝑖 𝑧 + 𝐼𝑗 𝑧 c𝑗,𝑖

𝜏𝑖(𝑧)

𝑁𝑗
× #𝑆𝑖 × #𝐼𝑗 𝑧

𝑆𝑖 , 𝐼𝑗 𝑧 𝑆𝑖 , 𝐼𝑖 𝑧

Recovery 𝐼𝑖 𝑧
𝛾𝑖(𝑧)

𝑆𝑖 𝛾𝑖(𝑧) × #𝐼𝑖 𝑧 𝐼𝑖 𝑧 𝑆𝑖 , 𝐼𝑖 𝑧

Mutation 𝐼𝑖 𝑧𝑟
𝜇𝑚(𝑧𝑟,𝑧𝑚)𝜌𝑖 𝑧𝑚,𝑧𝑟

𝐼𝑖 𝑧𝑚 𝜇𝑚(𝑧𝑟 , 𝑧𝑚)𝜌𝑖 𝑧𝑚 , 𝑧𝑟 × #𝐼𝑖 𝑧𝑟 𝐼𝑖 𝑧𝑟 𝐼𝑖 𝑧𝑟 , 𝐼𝑖 𝑧𝑚

Gillespie algorithm:

Stochastic simulation



Stochastic simulation

Resource type 𝑥

𝜏

0 10.2 0.3 0.5

SA = 998
IA = 2
SB = 1000
IB = 0
SC = 1000
IC = 0
𝑐𝐴,𝐴 = 𝑐𝐵,𝐵 = 𝑐𝐶,𝐶 = 0.43

𝑐𝐴,𝐵 = 𝑐𝐴,𝐶 = 𝑐𝐵,𝐶 = 0.3
𝛾𝐴 = 𝛾𝐵 = 𝛾𝐶 = 0.1

Initial state
A

B

C

𝑧 = 0.2

Example

0.6



Stochastic simulation
Example



Stochastic simulation

Pathogen strategy (𝑧)
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Future work 

• Phylogenetic tree mapping
• Analyze and simulate how contact network structure

and change influence pathogen evolution
• How will biodiversity influence evolution?  
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