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Pathogen evolution following spillover from a resident to a
migrant host population depends on interactions between host
pace of life and tolerance to infection
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such pathogen spillover events requires understanding how pathogen evolution
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depends on host movement behaviour. Following spillover, pathogens may evolve

Handling Editor: Daniel Becker strategies are favoured by resident and migrant host populations. There is con-
flict in current theoretical predictions about what those differences might be.
Some theory predicts lower pathogen virulence and transmission rates in migrant
populations because migrants have lower tolerance to infection. Other theoreti-
cal work predicts higher pathogen virulence and transmission rates in migrants
because migrants have more contacts with susceptible hosts.

2. We aim to understand how differences in tolerance to infection and host pace
of life act together to determine the direction of pathogen evolution following
pathogen spillover from a resident to a migrant population.

3. We constructed a spatially implicit model in which we investigate how pathogen
strategy changes following the addition of a migrant population. We investigate
how differences in tolerance to infection and pace of life between residents and
migrants determine the effect of spillover on pathogen evolution and host popu-
lation size.

4. When the paces of life of the migrant and resident hosts are equal, larger costs of
infection in the migrants lead to lower pathogen transmission rate and virulence
following spillover. When the tolerance to infection in migrant and resident popu-
lations is equal, faster migrant paces of life lead to increased transmission rate
and virulence following spillover. However, the opposite can also occur: when the
migrant population has lower tolerance to infection, faster migrant paces of life
can lead to decreases in transmission rate and virulence.
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1 | INTRODUCTION

Changes to animals' patterns of habitat use and movement induced
by climate and land use change create novel contact patterns among
hosts and pathogens (Altizer et al., 2013). Such novel contact pat-
terns can lead to pathogen spillover events, with implications for
the health of wildlife, livestock and humans (Altizer et al., 2011).
Changes to patterns of seasonal migration, a type of movement in
which animals make an annual round trip between habitats (Dingle
& Drake, 2007), have affected disease dynamics by altering contact
patterns between resident and migrant populations (e.g. in mon-
archs, Satterfield et al., 2018; elk, Rayl et al., 2021; salmon, Ashander
et al., 2012). Predicting the effect of pathogen spillover events be-
tween resident and migrant hosts requires an understanding of how
these spillover events affect the evolution of pathogen transmission
and virulence.

Before considering virulence in the context of migration and
residency, we consider the selective pressures that act on patho-
gens generally. It is generally thought that pathogens experience a
tradeoff between transmission rate (g) and virulence () (Anderson
& May, 1982; Cressler et al.,, 2016; Lipsitch & Moxon, 1997).
These parameters are used in SIS models which are often used to
study directly transmitted infectious diseases for which infection
does not confer immunity (Hethcote, 2000) and can be used to
describe environmentally transmitted diseases under some con-
ditions (Benson et al., 2021). We define virulence as pathogen-
induced host mortality and note that although virulence is often
taken to be a pathogen property, it is an emergent property of a
host-pathogen-environment system (Turner et al., 2021). We refer
to the component of virulence attributed to the pathogen as the
pathogen's virulence phenotype (Read, 1994). High transmission
rates can be achieved by reproducing rapidly within a host but this
may come with high host mortality costs (Acevedo et al., 2019).
Long-term transmission opportunities from a host can be main-
tained by reproducing slower at a lower cost to the host, but this
may come with lower transmission rates (Acevedo et al., 2019).
The total number of new infections from a single host (Ry) depends
on infection duration and the per capita rate at which infected
individuals produce new infections (4S; the transmission rate mul-
tiplied by the number of susceptible individuals, which we call
the ‘infection rate’) (Nelson & May, 2017). The tradeoff between

5. Predicting the outcomes of pathogen spillover requires accounting for both dif-
ferences in tolerance to infection and pace of life between populations. It is also
important to consider how movement patterns of populations affect host contact
opportunities for pathogens. These results have implications for wildlife conser-

vation, agriculture and human health.

disease ecology, emerging infectious disease, evolutionarily stable strategies, migratory
culling, movement ecology, pace of life, tolerance, virulence

transmission rate and virulence means that infection duration and
infection rate are negatively correlated.

Properties of host populations affect which pathogen strategies
lead to the highest pathogen fitness (Ewald, 1983; Restif et al., 2001).
Tolerance to infection is one host property that determines the host
response to a given pathogen burden (McCarville & Ayres, 2018). If
a host has a lower tolerance to infection (a higher mortality rate for
a given pathogen burden), this reduces the infection duration asso-
ciated with a given transmission rate, which may select for a lower
virulence and transmission rate pathogen phenotype (Altizer, 2001;
Altizer et al., 2011, 2018). Host and population properties that in-
crease the number of opportunities for contact with susceptible
individuals may select for higher virulence pathogen phenotypes
by increasing the infection rate associated with a given virulence
phenotype (e.g. high levels of salmon density in aquaculture settings
select for more virulent salmon lice phenotypes Ugelvik et al., 2017).
Migrant and resident populations may differ in properties that select
on pathogen virulence phenotypes.

Migrants and residents may differ in their tolerance to infection.
The energetic costs of migration may decrease tolerance to infection,
leading to culling of hosts infected with highly virulent pathogens
(Altizer et al., 2011; Table 2). Thus, for a given pathogen phenotype,
virulence may be higher in migrants, which may select for lower vir-
ulence and transmission rate pathogen phenotypes. It may also be
the case that migration selects for more infection-tolerant hosts,
which could select for more virulent pathogen phenotypes (Altizer
et al., 2011; Table 2). Therefore, differences in tolerance between
migrants and residents may lead to higher or lower virulence patho-
gen phenotypes evolving in migrant host populations.

Migrants and residents may also differ in their rates of contact
with susceptible hosts and pathogen-independent mortality rates.
Much of the empirical work on pathogen virulence in resident and
migrant hosts (Table 2) has shown that pathogens infecting mi-
grants have less virulent phenotypes. In many of these examples,
residents have more contact opportunities with susceptible hosts
since they are in agricultural settings with high host population
densities (Krauss et al., 2010; Morgan et al., 2007). More frequent
contact opportunities with susceptible hosts likely select for more
virulent phenotypes. It may not be generally true that migrants
have fewer contact opportunities than residents. Migrants often
aggregate at high densities (Rubenstein & Hack, 2013), which could
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lead to high contract rates with susceptible individuals (Krauss
et al., 2010). Migrants may also have faster paces of life (higher
fecundity and mortality rates) than residents (Soriano-Redondo
et al., 2020). Faster pace of life may select for more virulent patho-
gen phenotypes because higher fecundity rates (Ewald, 1983) and
higher pathogen-independent mortality rates (e.g. due to faster
pace of life) (Restif et al., 2001) can both select for more virulent
pathogen phenotypes. Higher host fecundity rates select for more
virulent pathogen phenotypes by increasing the rate at which
susceptible hosts are added to the population, thus increasing
the rate of contact with susceptible hosts (Ewald, 1983). Higher
mortality from factors other than infection by the focal pathogen
reduces infection duration, selecting for higher transmission rate
pathogen phenotypes (Restif et al., 2001).

We investigate how pathogen virulence phenotype changes
following spillover from residential hosts to migratory hosts
using a proof-of-concept model (Servedio et al., 2014). We have
compiled some examples of host-pathogen systems for which
our model is relevant in Table 2, which include host populations
of the same or different species. In particular, we consider how
differences in tolerance to infection and pace of life between mi-
grants and residents interact to determine whether spillover leads
to an increase or decrease in pathogen virulence and transmis-
sion phenotype. Both pace of life and tolerance to infection can
vary between species or between populations of the same spe-
cies (de Roode et al., 2008; Mathot & Frankenhuis, 2018; Power
& Mitchell, 2004). Past work on how the evolution of virulence

depends on host migration has either considered differences in

TABLE 1 Model symbols, definitions and values (where applicable).
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contact opportunities (Poulin & de Angeli Dutra, 2021) or dif-
ferences in tolerance (Altizer, 2001; Osnas et al., 2015; Ugelvik
et al., 2017) between migrants and residents. These mechanisms
operate in opposite directions and we consider both. We explore
a range of parameter values that allows us to discover the range
of outcomes possible when these mechanisms operate together,
improving our understanding of how spillover from a resident to a
migrant population affects the evolution of pathogen transmission

rate and virulence phenotypes.

2 | METHODS

The goal of our model is to investigate how host population prop-
erties related to migration strategy affect which pathogen strat-
egies dominate at equilibrium. The foundation of our model is a
spatially implicit SIS (susceptible-infected-susceptible) model in
which there are multiple pathogen strategies that vary in trans-
mission and virulence phenotypes and host populations vary in
their pace of life and tolerance to infection (see Table 1 for model
parameters and variables). Our choices to model pathogen dynam-
ics as density-dependent and explore differences in tolerance be-
tween migratory and non-migratory hosts are related to relevant
empirical case studies described in Table 2. We use a numerically
simulated adaptive dynamics approach (Best et al., 2017; Shaw
et al., 2019) in order to identify how the dominant pathogen strat-
egy depends on host traits. We begin by asking how the patho-
gen strategy that dominates at equilibrium depends on the host

Value(s)

Integers between 0 and 10

Symbol Definition [units]

a Pathogen strategy [unitless]

By Transmission rate for pathogen strategy a [individual ™ time™]

y Recovery rate [time™]

my Steepness of association between transmission rate and host mortality rate in
population X (host tolerance to infection) [time™/?]

fx Density-independent component of the fecundity rate for individuals in
population X [time™]

Ny Number of individuals in population X [individuals]

N* Number of individuals when the population is at equilibrium without infection
[individuals]

Hxs Mortality rate of susceptible individuals in population X [time™]

S Strength of density dependence [individuals™]

Hx a Mortality rate for individuals in population X infected with pathogen strategy a
[time™]

p Probability of mutation [unitless]

£ Stability cutoff [individuals]

Sx Number of susceptible individuals in population X [individuals]

Ix o Number of individuals in population X infected with pathogen transmission
strategy o [individuals]

f(sx, ’x) Density-dependent fecundity rate [individuals time™]

V(X) Mean pathogen strategy value in population X [unitless]

0.0005 x a
0.1
Varied (0-2)

Varied (0.1-2)

Varies

Varied (100-1000)

Varied based on fy and N* values
0.001

) 2
(vixs+m(5is))
0.001
0.001

Varies

Varies

fx(1-68(Sx +1x))
Evolves
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TABLE 2 Examples of systems in which migratory and non-migratory hosts share a pathogen/parasite and transmission is density dependent.

Pathogen/parasite

Host species species

House finches
gallisepticum)

Migratory Avian influenza
waterfowl and viruses
poultry

Saiga and Foot and mouth
domestic disease virus
sheep

Atlantic salmon Salmon lice
and pink

salmon

Transmission and recovery

dynamics

Bacteria (Mycoplasma Direct transmission and
short-term environmental

transmission

Transmission has been
modelled using
susceptible-infected-
susceptible (SIS) and
susceptible-infected-
recovered models

Transmission details are
uncertain. Has been
modelled as SIS

Direct Transmission. Has
been modelled using
susceptible-latent-
infected-recovered

Direct transmission. Free-
swimming stages are
transmitted to fish
without an intermediate
host

Migration and resident
dynamics

In the eastern U.S.
population, migrants and
residents share breeding
grounds, migrants travel
south-west for the winter

The western U.S. population
is not migratory

Domestic poultry are
sedentary. Poultry on
flyways can overlap with
migrating waterfowl

Saiga migrate and come into
contact with sedentary
sheep during part of their
migration

Farmed salmon are
sedentary; wild salmon
migrate between rivers
for breeding and ocean
for maturation and pass
by farms en route

Virulence details-
differences in pathogen
phenotype (if known)

Initial virulence of
strains in the western
population is lower
than in the eastern
population. Virulence
in both populations
increased following
spillover. The
virulence in the two
populations is now
similar

Lower virulence
pathogen phenotypes
in wild migratory
birds than in poultry

Unknown

Higher virulence

pathogen phenotypes

in farmed fish than in
wild ones

Virulence details-
differences in host
tolerance/resistance
(if known)

The costs of long-
distance migration
may decrease
resistance

Non-migrants may
experience
decreased tolerance
in the winter due to
cold

Ducks have high levels
of tolerance

Vaccination can increase
tolerance/resistance
in poultry

Saiga have higher
infection-induced
mortality than
domestic ruminants

Unknown

Spillover details

(if known) References

Initial spillover into  Altizer et al. (2004),

! £60)033 jewiuy Jo jeusnop

the eastern Hawley
population et al. (2013),
presumably from Hurtado (2008)
poultry
Spillover frqm gg%
eastern into 22
western
population in the
2000s
Initial transmission  Alexander (2007),
to poultry seems Endo and

Nishiura (2018),
Smith et al. (2015)

to be from wild
waterfowl.
Spillback from
poultry to wild
migratory birds
has occurred

Transmission Morgan et al. (2006)
from domestic

ruminants to

saiga is widely

assumed.

Anecdotal

evidence of

spillback from

saiga to livestock

Both spillover (wild ~ Ashander et al. (2012),

to farmed) and Krkosek
spillback (farmed et al. (2005),
to wild) occur Ugelvik

et al. (2017)

MVHS pue NOSNILSYOL
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(Continued)

TABLE 2

Virulence details-

differences in host

Virulence details-

Spillover details
(if known)

tolerance/resistance

(if known)

differences in pathogen
phenotype (if known)

Migration and resident

dynamics

d recovery

Ission an

Transm

Pathogen/parasite

species

References

dynamics

Host species

Migrant hosts more Spillover from Altizer (2001), Altizer

Transmission is typically Eastern population migrates Parasites from resident

Protozoan

Monarch

et al. (2011),
Satterfield

residents to

resistant to infection.

Migration may lead
to culling of hosts

populations are more
virulent than those

farther than the western
population. Resident

maternal but can be

environmental

(Ophryocystis

butterflies

migrants occurs

elektroscirrha)

etal. (2018)

when they share

habitat

from migratory ones

population in Florida.

Infected individuals cannot

infected with more
virulent pathogen

Some overlap between
migratory and non-

recover, so best modelled

as Si

phenotypes

migratory individuals

Maina et al. (2022)

Unknown

Possible that migrant

Unknown

Separate populations of

Environmental transmission

Helminths

Zebra

and sedentary zebra

resident, migrant and

sedentary zebra

populations have
lower resistance
than the resident

population

Carbo6-Ramirez and

Unknown

Residents had lower

Migrant and resident species Unknown

Environmental transmission

Nematodes

Sparrows

Zuria (2015)

resistance than

migrants

that overlap during

migration
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pace of life and tolerance to infection in a single population in
order to propose a source for the differences in pathogen strat-
egy between migratory and non-migratory populations that are
sometimes seen in empirical systems (Table 2). We then ask how
pathogen strategy changes following spillover from a resident into
a migrant population where the migrant and resident populations
can differ in their pace of life, tolerance to infection, both or nei-
ther. We focus on how the predictions about pathogen strategy
evolution following spillover differ from what could be predicted

in the single population case.

2.1 | Pathogen strategy

Pathogen strategy a (where a is an integer between 0 and 10) gives
a pathogen transmission and virulence phenotype. Each patho-
gen strategy is defined by a transmission rate (g,) that is a linear
function

f, = 0.0005 x a, (1)

of a. This transmission rate is related to the virulence of the patho-
gen, taken to be the pathogen-induced rate of host mortality in some
host population X. This is the difference between the mortality rates
of hosts in population X infected with a pathogen of strategy a (uy,)
and susceptible individuals in population X (uy ). The mortality rate of
infected hosts is taken to be a quadratic function of transmission rate
(Alizon & van Baalen, 2005),

) 2
#x,u=< #x,s"'m(ﬂ—a)) ) ()
10

where m (0 < m < 2) and the mortality rate of susceptible individuals
(uxs) are host properties. The parameter m (hereafter referred to as
the host's tolerance to infection) governs how steep the relationship
between virulence and transmission rate is (Figure A1) (McCarville &
Ayres, 2018). High values of m mean low tolerance to infection and low
values of m mean high tolerance to infection.

2.2 | Single population model

2.21 | Infection

In an SIS model of infection dynamics in some population X (X = Ror
M where R stands for resident and M stands for migrant), susceptible
hosts become infected by pathogen strategy a at a rate proportional
to the number of susceptible hosts in the population (S¢) and the
number of hosts in the population infected with pathogen strat-
egy «a (Iy,), that is, transmission is direct and density-dependent as
seen in many pathogens in Table 2. Infected hosts recover at a rate
y (y = 0.1) and immediately become susceptible again. Hosts can be-
come infected with any of the 11 pathogen strategies in our model.
We ignore coinfection with multiple pathogen strategies for simplic-
ity despite its potential importance (Rigaud et al., 2010).
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2.2.2 | Fecundity

Per-capita host fecundity rate is independent of infection status
and all individuals are born into the susceptible class. The density-
independent component of the per-capita fecundity rate is given by
fx (0 < fx < 3) and the density-dependent per-capita fecundity rate
in population X, f(Sy, Iy ), is given by

f(SxIx) =Fx(1=58(Sx +Ix)), 3)

where 6 (6 = 0.001) is the strength of density dependence. Fecundity
occurs continuously during the breeding season, which lasts for half of
each simulation year.

2.2.3 | Mutation

The role of mutation in this model is to explore the strategy space
and identify the strategies that dominate at equilibrium after compe-
tition with other strategies. As the pathogen is transmitted to a new
host, it can mutate to each adjacent strategy with some small prob-
ability p (p = 0.001). That is, if a host is infected with strategy a = 4,
it will typically transmit the same strategy (a = 4) with probability
1 — 2p, but will sometimes transmit to a lower strategy (a« = 3) with
probability p, or a higher strategy (e = 5) with probability p. When
a =0 or a =10, there is only one adjacent strategy. In these edge
cases, the rate of mutation into the adjacent class remains p, but the
transmission will result in infection with the original pathogen strat-
egy with probability 1 — p instead of 1 — 2p. We show the differential
equations for all infection classes in the single population model, but
for simplicity, omit the edge cases in presenting the full two popula-

tion model.

2.24 | Model

Bringing together the infection dynamics with fecundity and patho-
gen strategy-specific mortality, the rate of change of the susceptible

individuals in population X in the breeding season is given by

ds 10 10 10 10
‘T: == Z BaSxlxa + Z Vo + fx<1 - 5<5x + Z ’x,«>><5x + 2 ’X,a) = Hx,s5x-
pour} =0 =0 =0

(4a)

The rate of change of the individuals infected by strategy a in
population X is given by

dly,
d_l: =(1-2p)f,Sxlxa + PBa-15xIxa-1 + PBus1Sx X ar1 = Vlxa = HxalXar

(4b)
forl <a < 9and by
dly o
Tl (1= p)BoSxIxo + PB1SxIx1 — ¥lxo — Hxolx o (4c)

when « = 0and

dlx 10
dt

= (1-P)B105xIx10 + PP9SxIx.9 — ¥lx .10 — Hx10/x,100 (4d)

when a = 10. During the non-breeding season, the equations for the

infected classes remain the same, but the equation for the susceptible

class
ds Y <
d_:( = - ﬂ;oﬁasxlxﬂ + ‘;)ylx,,, = Hx,sSxs (4e)

does not include the fecundity term.

2.3 | Two population model

In the two population model, a resident population R and a migrant
population M share an environment and can infect each other during
the breeding season. During the non-breeding season, since the two
populations do not share an environment, they cannot infect each
other. This modelling choice is related to the fact that migrant and
resident populations that share a pathogen often overlap for only
part of the year (Table 2). Individuals are born into the same popu-
lation as their parents and remain in the same population follow-
ing infection and recovery. During the breeding season, the rates of
change for the susceptible resident (X=R) and migrant populations
(X=M) are given by

dS 10 10 10 10
(T: == Zﬁasx(’m +lma) + ZV’x,a + fx<1 - 5<5x + Z’x,a>><5x + 2 ’X,a> = HxsSx-
=0 a=0 =0 a=0
(5a)
The rate of change of the infected populations of the resident

(X=R) and migrant (X=M) populations are given by

dly
dt —

(1-20)B,Sx (IR e + M) +PBo-1Sx (IR -1+ IMg—1) (5b)

+PB415x (IRast 1) =V lxa = Hxalxao

during the breeding season. During the non-breeding season, the rates
of change for the susceptible resident and migrant populations are given
by Equation (4e) and the rate of change for the infected resident and
migrant populations are given by Equations (4b-4d) where X = Ror M.

2.4 | Pace of life

To isolate the effect of host pace of life on pathogen evolution inde-
pendent of the effects on population size, we find pairs of mortal-
ity and fecundity rates that yield the same equilibrium population
sizes N* (100 < N* < 1000) in the absence of infection. To do this, we
consider the host population dynamics in the absence of infection,
given by

dN
T = L= 8NN = uN, (6a)

in the breeding season and
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FIGURE 1 Pathogen strategies in one population. In a single
population in which N*=800 (a) the pathogen strategy that
evolves decreases monotonically as tolerance to infection
decreases (mincreases) (f =1), (b) the pathogen strategy that
evolves increases monotonically as fecundity (f) increases
(m=0.8) and (c) the pathogen strategy that evolves increases
monotonically as fecundity (f) increases and decreases
monotonically as tolerance to infection decreases (m increases)
when both tolerance to infection and pace of life vary. The
pathogen strategy that evolves in the resident population in
the two population simulation (m=0.8 and f =1) is shown as

a horizontal line in all panels for easy comparison with the
pathogen strategy that evolves in the migrant population in the
two population simulations.

dN
&Y — N,

it U (6b)
in the non-breeding season, where each season lasts for half of a
year. Next, we look for the equilibrium population size (N¥), that
is, the population size at the beginning of the breeding season

such that the growth during the breeding season is equal to the
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FIGURE 2 Migrant and resident populations differ in tolerance
to infection. Following spillover from a resident into a migrant
population in which N*=800 for both populations, f; = fy, = 1and
mg=0.8 (a) the change in pathogen strategy generally decreases
monotonically as migrant tolerance to infection decreases (my,
increases). When my, = mg (my is shown as a vertical line for
reference), there is almost no change in pathogen strategy. (b)
The size of the resident population increases as migrant tolerance
to infection decreases (my, increases) and size of the migrant
population generally decreases as migrant tolerance to infection
decreases (my, increases). The number of resident individuals before
spillover is shown as the horizontal line labelled Ng for reference.

population decline during the non-breeding season. Solving (6a and

6b), we find that
(f—u)(l—e”‘< ))

f&(e% —e”_(%)>

To find different fecundity (f) and mortality (1) rate pairs that yield a

Ni=

N* =

particular population size, we fix values of N*and f and solve numerically
for u using vpasolve in MATLAB. We also run analyses in which we vary
fecundity (f) and mortality (1) rate separately in order to determine the
effect of each rate separately and identify the effect of varying them to-
gether. While the pace of life syndrome idea can encompass many physi-
ological and behavioural traits (Mathot & Frankenhuis, 2018), we restrict

our attention here to the effects of fecundity and mortality rate.
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2.5 | Simulations

We begin by initializing a one population model of the resident pop-
ulation with 100 individuals in the susceptible class, 10 individuals
in the middle infection class (@ = 5) and no individuals in any other
class. We run simulations until there is no class whose populations
at the end of the non-breeding season change in number by more
than & between 2years (¢ = 0.001). When this stability condition
has been met, we calculate which pathogen strategy dominates in
the resident population alone. We also initialize a migrant popula-
tion with N* susceptible individuals and no infection. We use these
stable populations as the starting condition for a two population
model. When stability is reached in the two population simulation,
we calculate what pathogen strategy dominates and how many in-
dividuals are in the migrant and resident populations. As a repre-
sentative example, we explore simulations in which N*=800. When
not taken as variables, we set the fecundity rate of the host popu-
lation to f, = 1 and the tolerance value to m =0.8. These param-
eter choices were made because they led to intermediate levels of
virulence at equilibrium in a single population, allowing virulence to
increase or decrease following the addition of a second population.
We also performed a sensitivity analysis to assess the generality of
our findings (Supporting Information).

2.6 | Calculating pathogen strategy

We chose average pathogen strategy at equilibrium as our metric
because when multiple pathogen strategies are present at equi-
librium they are adjacent to one another. To calculate the average
pathogen strategy in a single population X (V (X)), we take the sum of
a multiplied by the proportion of infected individuals infected with

pathogen strategy a overall values of a

210 | a
a=0 "a
10

a=0 "«

VX) = (7)

To find the change in mean pathogen strategy resulting from
adding in the migrant population, we calculate the difference in av-
erage pathogen strategy between the resident population at equilib-
rium before and after the addition of the migrant population.

3 | RESULTS

The addition of a migrant population can lead to an increase, de-
crease or no change in the pathogen strategy (i.e. the pathogen
transmission rate and virulence phenotype) depending on the toler-
ance to infection in the migrant population and the pace of life of
the migrants. We first explain how tolerance to infection and pace
of life operate separately and together in a single host population to
determine pathogen strategy. Next, we consider these mechanisms
in the context of spillover in a two population model with residents

and migrants and show how changes in relative population size can
generate results that cannot be predicted solely from the single

population model.

3.1 | Pathogen strategy evolution in a single
host population

The pathogen strategy (=0, ..., 10) that evolves decreases monotoni-
cally as the host's tolerance to infection decreases (as m increases) (i.e.
the transmission and virulence phenotypes of pathogens are lower
for lower host tolerance to infection) (Figure 1a). The pathogen strat-
egy that evolves increases monotonically with the pace of life of the
host population (i.e. the transmission and virulence phenotypes of
pathogens are higher for faster host paces of life) (Figure 1b). When
fecundity and mortality rates are considered separately, the pathogen
strategy that evolves increases monotonically with the mortality rate
(Figure A2) and generally does not change as a function of fecundity
rate (Figure A4). When taken together, the effects of the host's toler-

ance to infection and pace of life are additive (Figure 1c).

3.2 | Change in pathogen strategy following
spillover from a resident into a migrant population

We consider what happens when migrants and residents (1) differ
only in their tolerance to infection, (2) differ only in their paces of life
and (3) differ in both tolerance to infection and pace of life.

We begin by considering the case where migrants differ from res-
idents in their tolerance to infection but have the same pace of life
(fy=1 and my, varies) (Figure 2). Following spillover into a migrant pop-
ulation, one might expect that the pathogen strategy would shift to-
ward whatever strategy is favoured in that migrant population. Indeed,
the qualitative pattern of the change in virulence phenotype follows
the pattern of the single population simulations (Figure 1a). There is a
monotonic decrease in pathogen strategy as migrant tolerance to in-
fection decreases. The pathogen strategy increases when the migrant's
tolerance to infection is higher than the residents and decreases when
the migrant's tolerance to infection is lower (Figure 2a). Pathogen strat-
egy changes more when the migrant has a higher tolerance to infection
than residents than when the migrant has a lower tolerance to infection
because of the effect of spillover on population sizes.

As the migrant's tolerance to infection decreases, the size of the
migrant population decreases and the size of the resident population
increases (Figure 2b). When the migrant's tolerance to infection is
extremely high, the resident population is extirpated due to the in-
crease in pathogen virulence and transmission phenotypes. In these
cases, the pathogen strategy shifts all the way to what is optimal in
the migrant population alone. When the migrant's tolerance to in-
fection is lower than the residents, the migrants make up a smaller
proportion of the total number of hosts than the residents and the
pathogen strategy does not move as far toward what is optimal in
the migrant population. When my, = mg, the migrants and residents

ASUDOIT SUOWIWO)) AANEAIY) d[qearjdde oYy £q PAUIIA0S dIE SI[ONIE V() SN JO SANI 10} AIRIGIT UITUQ AI[IAL UO (SUOHIPUOD-PUB-SULIA)WO AIM " KIRIGI[RUI[UO//:SA1Y) SUONIPUOY) PUB SWIAT, 9Y) S “[H70Z/H0/£0] U0 Areiqr] auru AS[IA ‘SLOYT"9S9Z-S9E /1111 01/10p/wod Kaiam Areiqraur[uorsfeuinofsaqy/:sdny woiy papeofumod ‘v “+70T ‘9S97S9¢ 1



TORSTENSON and SHAW

(a)>

S 0.6 o
£ %04
o=

n
2 02
T O
feiNe)l 0
“El N\

$-0.2

slower same faster
Migrant pace of life relative to residents
(b)
500
T N

400 —

N

n

< 300

il

< 200

Q.

g

100
slower same faster

Migrant pace of life relative to residents

Population

— Resident
Migrant

FIGURE 3 Migrant and resident populations differ in pace of life.
Following spillover from a resident into a migrant population in
which N*=800 for both populations, mgy = my, = 0.8 and fr=1 (a) the
change in pathogen strategy following spillover decreases and then
increases as migrant fecundity rate (fy) increases. When fy, = fx (fr is
shown as a vertical line for reference), there is almost no change in
pathogen strategy. (b) The size of the resident population following
spillover decreases as migrant fecundity rate (fy)) increases and size
of the migrant population generally increases as migrant fecundity
rate (fy) increases. The number of resident individuals before
spillover is shown as the horizontal line labelled Ng, for reference.

have the same population size because they are both equally affected
by the pathogens. Although in this case there is almost no change in
pathogen strategy (Figure 2a), we see a decrease in resident popula-
tion size because the infection is density-dependent and the addition
of the migrant population increases host density for half of the year.
We now consider the case in which migrants and residents dif-
fer in their pace of life, but have the same tolerance to infection
(my,=0.8 and fy, varies) (Figure 3). As would be predicted from the
single population case (Figure 1b), we see that spillover into a mi-
grant with a slower pace of life leads to a decrease in pathogen
strategy and spillover into a migrant population with a faster pace
of life leads to an increase in pathogen strategy. When we consider
mortality rate and fecundity rate separately, as would be expected
from the single population case (Figures A2 and A4), spillover into a
migrant population with a lower mortality rate leads to a decrease in
pathogen strategy (Figure A3a), spillover into a migrant population
with a higher mortality rate leads to an increase in pathogen strat-
egy (Figure A3a) and the fecundity rate of the migrant population
has next to no effect on pathogen strategy (Figure A5a). However,
unlike in the single population case (Figure 1b) and unlike the case in
which migrant mortality rate but not migrant fecundity rate is varied
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FIGURE 4 Migrant and resident populations differ in tolerance
to infection and pace of life. Following spillover from a resident
into a migrant population in which N*=800 for both populations,
mg=0.8 and fz=1 (with fz shown as a vertical line for reference) (a)
the change in pathogen strategy following spillover decreases as
migrant tolerance to infection decreases (my, increases) and can
either increase or decrease as migrant fecundity rate (fy,) increases.
(b) The proportion of susceptible individuals at equilibrium that are
migrants typically increases as migrant fecundity rate (fy) increases
and as migrant tolerance to infection increases. A horizontal line is
shown where migrants and residents make up an equal proportion
of the susceptible population for reference.

(Figure A3a), the relationship we see between migrant pace of life
and change in pathogen strategy is not monotonic (Figure 4a). When
migrants have a very slow pace of life, there is no change in pathogen
strategy. Then, as migrant pace of life gets faster, there is a larger de-
crease in pathogen strategy until a certain point (fy,=0.6) past which
we see a monotonic increase of pathogen strategy as migrant pace
of life gets faster.

This non-monotonicity can be explained by considering how
migrant and resident population sizes vary with migrant pace of life
(Figure 3b) and especially how population sizes vary with migrant
fecundity rate (Figure A5b). When migrants have very slow paces
of life (low fecundity rates), their population is extirpated and they
exert no selection pressure on pathogen strategy. This contrasts
with the large migrant population sizes when migrant mortality
rates are lower than residents and migrant and resident fecundity
rates are equal (Figure A3b). Then, as migrant fecundity rates get
faster, migrants make up a larger portion of the population, leading
to a larger influence on pathogen strategy. Since initially migrants
have a lower average pathogen strategy than the residents, this
leads to a larger decrease in pathogen strategy. However, as the

ASUDOIT SUOWIWO)) AANEAIY) d[qearjdde oYy £q PAUIIA0S dIE SI[ONIE V() SN JO SANI 10} AIRIGIT UITUQ AI[IAL UO (SUOHIPUOD-PUB-SULIA)WO AIM " KIRIGI[RUI[UO//:SA1Y) SUONIPUOY) PUB SWIAT, 9Y) S “[H70Z/H0/£0] U0 Areiqr] auru AS[IA ‘SLOYT"9S9Z-S9E /1111 01/10p/wod Kaiam Areiqraur[uorsfeuinofsaqy/:sdny woiy papeofumod ‘v “+70T ‘9S97S9¢ 1



TORSTENSON and SHAW

Journal of Animal Ecology E Eﬁﬁ?‘;

migrant pace of life continues to increase, the difference between
what pathogen strategies are optimal in each population sepa-
rately also gets smaller (Figure 1b), leading to a smaller decrease
in pathogen strategy. The combination of these effects leads to a
peak in the size of the decrease in pathogen strategy for an inter-
mediate pace of life. When fy<fy, increases in fy, lead to both larger
differences in optimal pathogen strategy between migrants and
residents (Figure 1b) and increases in the size of the migrant popu-
lation (Figure 3b). This differs from the case in which migrants have
higher mortality rates than residents but equal fecundity rates, in
which higher migrant mortality rates lead to smaller migrant pop-
ulation sizes (Figure A3b). Thus, we see a monotonic increase in
change in pathogen strategy as the pace of life gets faster when
fr<fy With increases in pathogen strategy that are larger in magni-
tude than if only migrant mortality rate was varied. Thus, although
migrant mortality rates are largely responsible for the direction of
the change in pathogen strategy following spillover, migrant fecun-
dity rates qualitatively affect the magnitude of the change through
the effect of fecundity on population size.

Finally, we consider the case in which migrants and residents dif-
fer both in pace of life and tolerance to infection (Figure 4). We find
that the effects of these two factors on pathogen strategy are not
simply additive as they were in the single population case (Figure 1c).
Although a larger tolerance to infection always leads to a larger in-
crease in pathogen strategy (lines with small my, are typically above
those with larger my, in Figure 4a), a faster pace of life sometimes
leads to an increase in pathogen strategy and sometimes leads to
a decrease (some lines in Figure 4a increase, others decrease). The
cases where a faster migrant pace of life leads to a larger decrease
in pathogen strategy, even when fz<f), are the cases where the mi-
grant's tolerance to infection is lower.

As with the non-monotonicity in Figure 3a, this can be under-
stood by considering how the migrant pace of life influences the
proportion of the total number of hosts that are migrants at equi-
librium along with the difference in optimal pathogen strategy be-
tween residents and migrants (Figure 1c). When mgz<m,,, there are
cases when the pathogen strategy that would evolve in the migrant
is lower than that in residents even when the migrant's pace of life
is faster (Figure 1c). In these cases, adding in the migrant exerts a
downward pull on pathogen strategy. Meanwhile, the proportion of
migrants at equilibrium increases monotonically with migrant fecun-
dity rate meaning that the migrant population exerts a larger pull on
the pathogen strategy (Figure 4b). Thus, when the migrant popula-
tion has a lower tolerance to infection, faster paces of life mean that
more of the difference between the pathogen strategy that is opti-
mal in the migrant and resident populations is realized as a change
in pathogen virulence phenotype. This explains why the change in
pathogen strategy continues to decrease even when fz<fy in cases
where mp<m,, (Figure 4a). When the tolerance to infection and pace
of life mechanisms act together, a faster pace of life does not always
lead to higher pathogen strategy values, but instead can serve to
amplify the direction of the effect caused by differences in tolerance
to infection.

4 | DISCUSSION

Predicting the outcome of disease spillover events between mi-
grant and resident populations is increasingly important as altered
movement patterns lead to novel contact opportunities (Altizer
etal.,2013). Thisrequires understanding how pathogen virulence and
transmission rate phenotypes evolve following spillover. There are
many host-pathogen systems in which some hosts migrate and oth-
ers do not (Table 2). However, there are very few systems for which
we understand how pathogen virulence phenotypes differ between
migratory and non-migratory host populations (Alexander, 2007,
Altizer, 2001; Altizer et al., 2004; Ugelvik et al., 2017). There are
even fewer systems for which we have information about the tra-
jectory of pathogen evolution following a spillover event (Hawley
et al., 2013). Finally, we found no empirical systems for which we
know how pathogen strategy differs in the case where migratory
and non-migratory host populations come into repeated contact
versus the case where migratory and non-migratory host popula-
tions are separate. The lack of empirical data on a phenomenon of
relevance in a broad range of host-pathogen systems necessitates
the development of general theory.

Despite limited theoretical work about the evolution of viru-
lence following spillover between resident and migrant host popu-
lations, we can form intuition from studies on pathogen evolution in
other contexts. Some theory predicts that pathogens should evolve
lower rates of transmission and lower virulence phenotypes in mi-
grant populations if migratory hosts have lower tolerance to infec-
tion or fewer susceptible contacts (Osnas et al., 2015). We might
also expect that pathogens should evolve phenotypes with higher
rates of transmission and virulence in migratory hosts if migratory
hosts have more contacts with susceptible hosts or higher tolerance
(Ewald, 1983; Poulin & de Angeli Dutra, 2021). Differences in toler-
ance to infection and contact rate with susceptible individuals have
not been considered simultaneously.

We began by considering how tolerance to infection and pace
of life affected pathogen strategy evolution in a single population.
In agreement with previous work, we found that a faster pace of
life increased the virulence and transmission rates of the pathogen
phenotypes that evolved, lower tolerance to infection decreased the
virulence and transmission rates of the pathogen phenotypes that
evolved and the effects of these two factors were additive when
combined. When we investigated spillover, pathogen effects on host
population size led to results that could not be directly predicted
from the single population case. When migrants have a faster pace
of life, spillover into a migrant population leads to the evolution of
pathogen phenotypes with higher rates of transmission and viru-
lence. This leads to a decrease in resident population size. This is
an example of pathogen-mediated apparent competition, in which
spillover reduces the abundance of one of the host populations
(Power & Mitchell, 2004). When migrants have lower tolerance to
infection, spillover into a migrant population leads to the evolution
of pathogen phenotypes with lower rates of transmission and viru-
lence. When these differences are combined, with migrants having
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lower tolerance to infection and faster paces of life, the size of the
decrease in pathogen transmission and virulence phenotypes can
increase with faster paces of life, reversing the direction of the ef-
fect of migrant pace of life when values of tolerance to infection are
equal. Thus, the direction of the effect of pace of life on the evolu-
tion of virulence following a spillover event depends on differences
in tolerance to infection.

Although our study was primarily concerned with pathogen
evolution, feedback with the host population response to infection
was important. Other ways in which coevolution between hosts
and pathogens following spillover might affect pathogen evolution
would require consideration of the phylogenetic distance between
host populations. The only host traits we vary are pace of life and
tolerance to infection and the only pathogen traits we vary are trans-
mission rate and virulence phenotype. Neither the evolution of host
resistance to infection nor pathogen-host breadth is included. How
these factors operate during spillover may depend on phylogenetic
relatedness between host populations. The relationship between
phylogenetic distance between host populations and resistance to
infection is complicated because as phylogenetic distance increases,
nonhost resistance increases and evolved resistance decreases
(Antonovics et al., 2013). Adding considerations of resistance and
host breadth as a function of phylogenetic distance between hosts
to our model would add valuable nuance.

Our model is based on the commonly held and broadly theoret-
ically and empirically supported assumption that there is a tradeoff
between transmission rate and virulence (Acevedo et al., 2019;
Alizon & van Baalen, 2005; Bonneaud et al, 2020; Cressler
et al., 2016; de Roode et al., 2008; Lipsitch & Moxon, 1997; Turner
et al., 2021). There are cases in which this tradeoff might not apply.
For example, when pathogens infect a host that is a ‘dead-end’ in
terms of transmission or when transmission occurs primarily through
vectors, transmission might be disconnected from virulence (Farrell
& Davies, 2019). Predicting the outcome of spillover in these cases
would require a different model.

Future theoretical work should consider whether different ways
to implement virulence and contact rates with susceptible individu-
als yield qualitatively different predictions. We considered virulence
only as increased host mortality and considered differences in pace
of life as drivers of differences in contact rates with susceptible
hosts. Future spatially explicit models could consider mechanisms
explicitly related to movement. For example, sub-lethal costs to
movement ability might drive pathogen evolution differently than
mortality costs. Manipulating contact rate through host movement
or aggregation may yield different predictions than manipulating
pace of life. Modelling movement mechanisms could increase our
understanding of the effects of host migration on pathogen evolu-
tion separate from the associations between migration and pace of
life and tolerance to infection.

As migration patterns change, it is increasingly important to
understand and predict the trajectory of spillover events be-
tween migrant and resident populations, including the evolution-
ary trajectory of pathogen strategy. Predicting the trajectories of
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spillover events involving migratory species is important to main-
taining wildlife, livestock and human health in a changing world
(Altizer et al., 2011).
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