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While most evolutionary studies of host-pathogen dynamics consider pathogen evolution
alone or host-pathogen coevolution, there is evidence that hosts can evolve more rapidly
than their pathogen during initial outbreaks after disease introduction, e.g. evolutionary
rescue in the short term. In these cases, spatial, temporal and epidemiological factors could
all affect the evolutionary dynamics of the host population. To help inform potential
conservation policies in the near-term, we considered the case of one pathogen introduced
into a metapopulation of hosts with two genotypes: wild type and robust in which there is
a tradeoff in disease-driven mortality and spatial mobility. We employed a classic
Susceptible-Infected model and explored how differences in mortality and migration affect
the representation of host genotypes and total host population persistence. We find that
greater difference in disease-driven mortality between the two host types increases the
probability of evolutionary rescue, but there is a point after which disease-driven mortality
is so high as to drive the disease prevalence below the reproductive threshold, ending the
outbreak and therefore benefitting the wild type. Migration reduces the chance of
evolutionary rescue by reducing the competition between the two host genotypes when
the difference in disease-driven mortality is sufficiently small, but at larger differences
migration acts primarily as a facilitator of disease spread, increasing the probability of
evolutionary rescue, though significantly decreasing the total size of the surviving popu-
lation. This study reveals that both epidemiology and metapopulation ecology can play
critical roles in host evolution during the emergence of a novel infection and provide
guidance for host conservation and disease control.
Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Understanding the factors affecting the evolution of host defense and pathogen virulence is crucial for species conser-
vation or disease control (see Anderson and May 1979; Best et al., 2008; Boots and Bowers, 1999; Boots and Haraguchi, 1999;
Gillespie, 1975; Payne, 1988; Restif and Koella, 2004). Due to the relatively shorter generation-time of pathogens than hosts
(see Bliven and Maurelli, 2012), previous studies often focused on the evolution of pathogens with constant hosts
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(Bremermann and Pickering, 1983; Gordo et al., 2009; Levin and Pimentel, 1981; Wild et al., 2009), or the coevolution be-
tween hosts and pathogens (Beck, 1984; Best et al., 2010; Bowers et al., 1994; Carlsson-Gran�er and Thrall, 2015; Gilchrist and
Sasaki, 2002; Lewis, 1981; May and Anderson, 1983).

However, the coevolution of hosts and pathogen is a long-term arms race (Nesse andWilliams, 2012). Although pathogens
often evolve faster than hosts due to shorter generation times, it is still possible that during any particular time interval (e.g.,
short-term conservation time period), hosts can exhibit a change in genotype frequencies while the pathogen remains
relatively unchanged. For example, in the systems where a new pathogen/or disease invades a naïve host population (e.g.,
White Nose Syndrome, Ranavirus; see Echaubard et al., 2014; Maslo and Fefferman, 2015), there are abundant susceptible
host individuals for pathogens to infect, thus, it is very likely that the hosts would go through strong selection from the
pathogen, while initially providing very little selective pressure on the pathogen (see D�ebarre et al., 2012; Medzhitov et al.,
2012). Those novel, invasive diseases are a factor in the survival of species already under threat of extinction fromnon-disease
challenges (e.g. whether or not evolutionary rescue effects may impact the probability of persistence). This means that un-
derstanding the impact of diseases on population size and host evolution are critical factors in understanding and planning
conservation efforts.

Host population-scale spatial structure (e.g., metapopulation; see Hanski, 1999) would be expected to complicate host-
pathogen dynamics (see Laine, 2005; Tack et al., 2014; Thrall and Burdon, 1999; North and Godfray, 2017), and further af-
fects disease transmission and host conservation (e.g., either facilitate gene flow or spread disease; Carlsson-Gran�er and
Thrall, 2006; Carlsson-Gran�er and Thrall, 2002; Hossack et al., 2020; Maslo and Fefferman, 2015; Sanchez and Hudgens,
2019; Thompson, 1999; Thrall and Burdon, 1999). In those cases, spatial, temporal and epidemiological factors may all
potentially influence the evolutionary dynamics of host-pathogen interactions.

Here we built a classic susceptible-infected model to better understand the systems with evolving hosts but constant
pathogen and further explore the relative influences of infectious disease epidemiology and host spatial structure (e.g., host
metapopulation) on system evolution and conservation in the short term. For simplicity, we only considered two genotypes in
host: wild type and robust type, in which robust type is assumed to be the mutant, having higher tolerance (i.e., lower
disease-driven mortality; see Best et al., 2008; Miller et al., 2006) once infected and lower mobility than the wild type. We
explicitly considered a population that has been recently perturbed (i.e. population size initially is far less than the habitat
carrying capacity), but one that could potentially recover unaided in the absence of the introduction of further threat (in this
case, from disease), so as to isolate the explicit impacts of the novel pathogen. The host also exhibits a simple metapopulation
structure: multiple patches in same environmental conditions with migration of the wild type among patches.

Through this model, we tracked changes in the relative sizes of the two host genotypes (i.e., the size ratio of wild type vs.
robust) and total host population size over conservation-relevant time scales. The control parameters we consider are the
“mortality ratio” (i.e. the ratio in the disease-driven mortality of infected individuals between wild type and robust type),
which is used to represent the epidemiological effect on host evolution, and the “movement rate”, which characterizes the
influence of host metapopulation dynamics. In addition, patch topology was also studied here to further explore the effect of
host spatial structure on the system. Specifically, we first studied the epidemiological effects in isolation: i.e., how the
mortality ratio influences host population ratio and total population size of a single patch. We then considered one host
metapopulation structured a closed-loop stepping-stone structure, and further explored the combined effects of host spatial
structure and disease epidemiology on the change in host genotypes and total population size. In particular, we first studied
the above combined effect by eliminating the case in which the existence of disease in patches largely depends on spreading
through host migration (i.e., we assumed that the disease was introduced simultaneously across all patches). We then added
the disease spreading (i.e., disease was introduced into one patch and could then spread to other patches through migration)
and reanalyzed the above combined effect on system dynamics. Last, we extended our study to multiple patch topological
structures and compared the above results to outcomes on different patch topologies. To consider a window during which
active interventions andmanagementmight be appropriate to preserve such a host population, herewe focused on the short-
term system dynamics after the introduction of disease.

2. Methods

We considered a Susceptible-Infected (SI) model to study host-pathogen systems containing one constant pathogen but
two host genotypes: wild type and robust type, where robust is assumed to be a mutant, which has lower initial repre-
sentation in the population but also lower disease-driven mortality, thus, the robust type would be selected for in the
presence of disease and eventually replace the wild type entirely, given enough time. We additionally assumed that there is
no recovery from infection, so once an individual is infected, it remained infected until dying (whether or not due to
infection). When host metapopulation structure was considered, hosts were assumed to exhibit well-mixed interactions in
one patch, thus, mating occur among all individuals without regard for host genotypes (i.e., wild type or robust) or epide-
miological stages (i.e., susceptible or infected), and both genotypes were equally capable of transmitting infection to all
others. All newborns were assumed to be born susceptible. Offspring of within-genotypematings were assigned the genotype
of the parents, while offspring of cross-type matings were split such that half of them were assigned to be wild-type sus-
ceptibles and the other half were assigned to be robust-type susceptibles.

We also considered the mortality-migration tradeoff (Mittelbach and McGill, 2019; Mordecai et al., 2016; Tilman, 1990)
and made the simplifying assumption that only wild type could migrate among patches (thus, the robust type was sedentary
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and remained in its natal patch). Therefore, the migration influences on the host population would only come from the wild
type. The migration of individual host was assumed to be symmetrical (i.e., individuals have the same chance to migrate in
and out of one patch) and individuals could only migrate to the neighboring patches according to patch topology. Migration
rate was uniform for all moving individuals and independent of between-patch distance. The carrying capacity of environ-
ment was expressed by the limitation on the maximum birth rate every generation (K) and the SI dynamics of the two host
genotypes were assumed to be same across patches (i.e., there is no environmental heterogeneity among patches). For nu-
merical analysis, all parameters herewere assumed to lead to positive numbers of both host types. The detailed model was as
follows:

dSji
dt

¼Bji �
X

h2½W;R�
bhiIjhSji � miSji þmS

ji (1)

dIji X
I

dt
¼

h2½W ;R�
bhiIjhSji � ðai þmiÞIji þmji (2)

where the state variables, Sji and Iji are the numbers of susceptible and infected individuals in host genotype i at patch j (i is

either W or R, indicating wild type or robust, respectively). bhi describes the transmission from Infected genotype h to sus-
ceptible type i, mi and ai are the natural mortality and disease-driven mortality of genotype i. One generation time is equal to
1/ mi: Bji represents all newborns that have genotype i in patch j:
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in which L describes the babies from random mating combinations (e.g., LSjiSjh is the newborn number from the mating

between Sji and Sjh), which is limited by the maximum number of newborns in patch j (Kj):
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Here, ri and rid are the growth rate of susceptible and infected hosts in genotype i, respectively. Pj is the total size of host
population (the sum of all susceptible and infected hosts) in patch j:

PjðtÞ¼
X

i2½W;R�
SjiðtÞ þ

X
i2½W ;R�

IjiðtÞ (10)

S I
The net immigrations of wild type in either susceptible or infected to patch j are introduced bymjW andmjW respectively:

mS
jW ¼

X
k2½1;N�=fjg

�
migðk; jÞSkW �migðj; kÞSjW

�
(11)

in which migðk; jÞ describes the migration from patch k to j (j s k), depending on the patch topology (i.e. if there is no
connection between k and j based on the topological structure,migðk; jÞ ¼ 0; if there is a connection,migðk; jÞwas equal to the
migration rate). mI

jW can be obtained by replacing S by I in mS
jW . Because migration is assumed to be symmetrical, migðj;

kÞ ¼ migðk; jÞ.
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To study both the separate and combined effects of disease epidemiology and host spatial structure on host dynamics, here
we examined how the mortality ratio of wild type vs. robust and the rate of wild type migration affect the number of wild
type vs. robust hosts and total population size (the sum of S and I in both host types) in one isolated patch (which represents
the effect only from disease epidemiology) and multiple patches (which indicates the combined effects of both selection and
host metapopulation structure) with two disease introduction scenarios: disease is introduced to all patches simultaneously
(which allows us to mainly focus on the ecological influences of migration on the system dynamics), or disease is introduced
to one focal patch, which was randomly selected from the out layer of each topology, and spreads to others via migration,
which would allow us to study the influences of disease spreading through migration on the system. In addition, to better
track the size shift between the two host genotypes in the presence of disease across patches, here we chose the parameter
values to allow the whole host population to be near the carrying capacity at conservation time scale. We also analyzed and
compared the above results across different patch topologies to verify the reliability of our study.
3. Results

3.1. Host dynamics in isolated patch

When patches were isolated, and the mortality ratio was equal to 1 (i.e., no mortality difference between wild and robust
type; the solid line in Fig. 1), there was no selection on host genotypes (i.e. see the solid line in Fig. 1a). The whole host
population and both host genotypes quickly grew due to demography but started to drop after around 4 generations (see the
trend of the solid line in Fig. 1b and in Fig. S1 in Appendix 1) due to the increase in disease prevalence (see the trend of the
solid line in Fig. 1c).

When the disease-driven mortality increased in the wild type (e.g., when the mortality ratio increased from 1 to 1.5), the
selection on hosts became stronger, especially when the disease prevalence grew to certain size (i.e., after 3 generations). This
selection increased the proportion of the disease-resistant, robust host type, leading to a decrease in the size ratio of wild type
vs. robust (see the decrease from the solid line to the dashed line in Fig. 1a). The total host population also increased due to
evolutionary rescue (see the qualitatively similar patterns between total host population and robust; compare the solid and
dashed lines in Fig. 1b and Fig. S1b).

When the disease-driven mortality in wild type became large enough (e.g., when the mortality ratio changed from 1.5 to
2), disease prevalence would largely shrink (compare the dashed and dotted lines in Fig. 1c); thus, the selection on robust
became weak, leading to an increase in the size ratio (see the increase pattern from the dashed line to the dotted line in
Fig. 1a).

In summary, selection depended on two aspects: the mortality difference between the two host genotypes, and the
prevalence of disease. The mortality ratio had threshold effects on host selection: relatively small increases in the mortality
ratio would enlarge the mortality difference between wild and robust type, which strengthened the selection on the robust
type (i.e. increasing the probability of evolutionary rescue) due to its lower disease-drivenmortality thanwild type. However,
a large increase in the mortality ratio would largely deplete the disease prevalence and weaken the resulting selection on
hosts. Therefore, we observed the unimodal pattern on host composition with the increase of the mortality ratio (first
decrease but then increase in the size ratio of wild type vs. robust when the mortality ratio increased from 1 to 1.5, from 1.5 to
2 in Fig. 1a).
3.2. Host composition in meta-population

When considering metapopulation dynamics (i.e. more than 1 patch; here we explored metapopulations with 5 patches,
which is the minimum number to capture non-trivial topologies; see Greenbaum and Fefferman, 2017), the model included
the migration equation (Eq. (11)). Here we first considered a closed loop stepping-stone patch structure (see the stepping
stone structure in population genetics studies; see Kimura and Weiss, 1964; Shiga, 1988), but with the two ends wrapped
around to meet) and simulated the combined effects of the mortality ratio and migration on the size ratio of the two host
genotypes and the corresponding total host population size. We focus, for purposes of conservation efforts on a short time
frame (15 generations post disease introduction around 60 years). We then exploredwhether and howother patch topologies
(see Fig. S8 in Appendix 4) influence the above results. We began by exploring the case inwhich the diseasewas introduced to
all patches simultaneously, in which migration mainly served to increase the gene flow of the wild type, and then presented
the alternative case in which disease was introduced to one focal patch only and spreads to others from there through
migration.

3.2.1. Closed-loop stepping-stone topology

3.2.1.1. Simultaneous disease introduction in all patches. In this case, disease already existed throughout the entire system,
hence, migration mainly influenced the gene flow. Through a competition-colonization tradeoff, migration of the wild type
benefited the wild type but decreased the robust type due to the limitation of the carrying capacity (see Fig. S2 and S3 in



Fig. 1. The dynamics of a) size ratio of two host genotypes (wild type vs. robust), b) total host population (Robust þ wild) and c) total infected host size in one
isolated patch under three levels of the mortality ratio (aW/aR): 1 (indicated by the solid line), 1.5 (the dashed line), 2 (the dotted line). The initial numbers of
Susceptible are 180 for robust and 260 for wild type. The initial numbers of Infected are 2 for both host genotypes. Both x- and y-axis in a) and b) are truncated to
show the main trend of the dynamics. All other parameters are: rR ¼ rW ¼ 0.7, rRd ¼ rWd ¼ 0.07, aR ¼ 0.25, bRR ¼ bRW ¼ bWR ¼ bWW ¼ 0.0004, mR ¼ mW ¼ 0.25, and
K ¼ 3000.
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Appendix 2); thus, larger migration of the wild type would increase the size ratio of wild type vs. robust hosts (see the color
trend of x-axis of Fig. 2).

Similar to the one-patch model, the mortality ratio had threshold effects on host composition: the increase from 1 to the
threshold value (see the red dashed line in Fig. 2) enlarged the mortality difference of the two host genotypes and strengthen
the selection favoring the robust type, which decreased the size ratio of wild vs. robust type, thereby exhibiting evolutionary
rescue effects. Conversely, the increase from the threshold value to 2 decreased disease prevalence and weaken the selection
on the robust type, which increased the size ratio (see the color trend along y-axis in Fig. 2).

The size of the total host populationwas largely determined by themortality ratio: with the increase of the mortality ratio,
the overall mortality of hosts increased, hence, disease abundance decreased due to the lack of hosts (see the trend along y-
axis in Fig. S4), which then boosted the total host population (see the trend along y-axis in Fig. 3). Migration of the wild type



Fig. 2. The change in size ratio of wild type vs. robust hosts (average wild-type number in each patch divided by the average robust number in each patch) under
the influences of the migration of the wild type and the mortality ratio (aW/aR) after 15 generations (i.e., 60 years) when disease is introduced simultaneously into
all patches. The color trend from blue to red shows the increase in the ratio. The initial number of robust susceptible in each patch is one random draw between
100 and 220, while the initial wild-type susceptible is a random draw between 250 and 320. Initial numbers of infected hosts in both types in each patch are 2. All
the other parameters are: rR ¼ rW ¼ 0.7, rRd ¼ rWd ¼ 0.07, aR ¼ 0.25, bRR ¼ bRW ¼ bWR ¼ bWW ¼ 0.0004, mR ¼ mW ¼ 0.25, and K ¼ 3000. The red dashed line
indicates the threshold value of the mortality ratio, which shows the trend change. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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changed host composition but did not significantly influence the total population (see the constant color trend along x-axis in
Fig. 3).

In summary, when selection from disease was strong (e.g., mortality ratio < the threshold, which was 1.5 in our simu-
lation), the mortality ratio and migration in the wild type had antagonistic effects on shaping host composition: the size ratio
of wild vs. robust hosts decreased with the mortality ratio but increased with the migration of the wild type (see the trends
under the threshold, i.e., the red dashed line in Fig. 2). However, when selectionwas weak due to a large mortality ratio (>the
threshold), mortality ratio and migration in wild type had synergistic effects on host composition: both would increase the
size ratio of wild type vs. robust (see the trends above the threshold mortality ratio in Fig. 2) although the increase of the
mortality ratio would increase the absolute sizes of both host genotypes (see the color trend along y-axis of Fig. S2 and S3 in
Appendix 2). Given the persistence of total host population, the increase in migration would potentially lead to evolutionary
rescue (see Maslo and Fefferman, 2015).

3.2.1.2. Single patch disease introduction in a closed-loop stepping-stone topology. When disease started from one focal patch,
even low rates of migration of thewild typewould largely decrease the sizes of the host populations with both genotypes (see
the sharp drop when migration rates are low along x-axis in Fig. S5 and S6 in Appendix 3) by acting as the mechanism of
introduction for the disease to the entire metapopulation structure (see the sudden increase in disease when migration was
>0 in Fig. S7 in Appendix 3). As the disease spread, the robust type was selected for due to its lower disease-driven mortality,
hence, in general, the increase of migration would lead to a decrease in the size ratio of wild type vs. robust (see the general
color trend along x-axis in Fig. 4). However, the migration of wild type could also benefit wild type by reducing its



Fig. 3. The change in standardized total host population [(total wild-type number þ total robust number)/(patch number * K)] under the influences of the
migration of the wild type and the mortality ratio (aW/aR) after 15 generations when disease is introduced simultaneously into all patches. The color trend from
blue to red shows the increase of host population size. The initial number of robust susceptible in each patch is one random draw between 100 and 220, while the
initial number of wild-type susceptible is a random draw between 250 and 320. Initial numbers of infected in both types in each patch are 2. All the other
parameters are: rR ¼ rW ¼ 0.7, rRd ¼ rWd ¼ 0.07, aR ¼ 0.25, bRR ¼ bRW ¼ bWR ¼ bWW ¼ 0.0004, mR ¼ mW ¼ 0.25, and K ¼ 3000. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)
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competition with the robust type. When disease selection was low, and the abundance of the wild type was relatively high
(e.g., when themortality ratiowas near 1), the benefit to thewild type outweighed the selection for the robust type, leading to
an increase in the size ratio with migration (see the contour trend near the left bottom of Fig. 4).

The mortality ratio kept a similar unimodal pattern on the size ratio of wild type vs. robust as the one-patch simulation
(see the color changed from red to blue, to red again along y-axis in Fig. 4) due to its threshold effects on host composition.

Total population size was largely influenced by disease prevalence. The smaller the infected number was, the larger the
host population would be (see the opposite trends between Fig. 5 and Fig. S7 in Appendix 3). Therefore, host population size
was high when the mortality ratio was large (which was likely deplete disease) and migration was small (which did not
effectively spread the disease) (Fig. 5). Compared to the gradual influence of mortality on disease, migration had an abrupt
effect on disease spreading. A small increase in migration would quickly spread the disease from one patch to the entire
metapopulation structure (see the sharp color change at a small migration in Fig. 5). Afterward, when the mortality ratio was
small (near 1), the increase in migration could largely reduce the competition between the two host types, leading to an
increase in total population size (see the contour trend near the bottom of Fig. 5).

3.2.2. Diverse patch topologies
As with the host dynamics in one isolated patch, the average sizes of both host genotypes per patch first increased when

disease was still low but decreased once disease prevalence increased. If disease was prevalent, the robust type again



Fig. 4. The change in the size ratio (average wild type vs. robust in each patch) under the influences of the migration of the wild type and the mortality ratio after
15 generations when disease is introduced from one patch. The color trend from blue to red shows the increase of the ratio. The initial number of robust
susceptible in each patch is one random draw between 100 and 220, while the initial number of wild-type susceptible is a random draw between 250 and 320. In
the patch where disease is introduced, the initial numbers of infected are 2 for both host genotypes. All the other parameters are: rR ¼ rW ¼ 0.7, rRd ¼ rWd ¼ 0.07,
aR ¼ 0.25, bRR ¼ bRW ¼ bWR ¼ bWW ¼ 0.0004, mR ¼ mW ¼ 0.25, and K ¼ 3000. The red dashed line indicates the threshold value of the mortality ratio, which shows
the trend change. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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increased due to selective pressure from the disease, leading to a decrease in the size ratio of wild vs. robust (Fig. S9 and S10 in
Appendix 4). The above general pattern was seen across all patch topologies and migration levels.

3.2.2.1. Simultaneous disease introduction in all patches. Similar to the closed-loop stepping-stone topology, all other patch
topologies showed that migration would benefit the wild type (see the colored lines above the solid black line in the absence
of migration in Fig. S9a) by reducing the competition between the two host genotypes, but would decrease the size of the
robust type (see the colored lines below the solid black line in Fig. S9b) due to limitation from the carrying capacity. This led to
an increase in the size ratio of wild type vs. robust (see the colored lines above the solid black line in Fig. S9c). The above
pattern was qualitatively similar across patch topologies, but the more connected topologies showed stronger patterns (i.e.,
larger size ratio) than the less connected ones (see the increase in the size ratio when edge number increased with migra-
tion < 0.025 in Fig. 6a; compare the blue dotted and red dashed lines in Fig. S9c).

Whenmigration increased, the connections among patches facilitated the synchrony of host-pathogen dynamics across all
patches (see the decrease of the size ratio when migration was >0.025 in Fig. 6a), which gradually weakened the effects of
migration on host metapopulation dynamics. The extreme case in which migrationwas extremely large, would mean that all
patches were well connected and synchronized as one “larger” patch, leading to the disappearance of between-patch
migration; thus, the size ratio would gradually decrease and get closer to that in the absence of migration (see the unim-
odal pattern across edge numbers along migration in Fig. 6a). More connected patch topologies accelerated the above effects
of migration (compare the hump shapes across colors in Fig. 6a).



Fig. 5. The change in standardized total host population [(total wild-type number þ total robust number)/(patch number * K)] under the influences of the
migration of the wild type and the mortality ratio after 15 generations when disease is introduced from one patch. The color trend from blue to red shows the
increase of the host population size. The initial number of robust susceptible in each patch is one random draw between 100 and 220, while the initial number of
wild-type susceptible is a random draw between 250 and 320. In the patch where disease is introduced, the initial numbers of infected are 2 for both host
genotypes. All the other parameters are: rR ¼ rW ¼ 0.7, rRd ¼ rWd ¼ 0.07, aR ¼ 0.25, bRR ¼ bRW ¼ bWR ¼ bWW ¼ 0.0004, mR ¼ mW ¼ 0.25, and K ¼ 3000. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Similar to the closed-loop topology, host total population sizes in other topological structures were also not sensitive to the
change of migration (see the almost overlapped lines in Fig. S9d in Appendix 4).

3.2.2.2. Single patch disease introduction in different patch topologies. When disease started from one patch and spread to other
patches, migration of the wild type through patch connections facilitated disease spreading (compare the solid black line and
other lines in Fig. S10e Appendix 4). Particularly, the spreading was strengthened by either larger migration or higher patch-
connection in the presence of between-patch migration (see the blue dotted and red dashed lines in.)Fig. S10e The disease
spreading would introduce extra mortality in hosts, which decreased numbers of hosts with both genotypes and thus the
total host population (compare the solid black line with other lines in Fig. S10a, b and din Appendix 3). Due to the increase of
selection on hosts, the decrease in the robust type, which was selected for, was lower than thewild type, leading to a decrease
in the size ratio of wild type vs. robust with either larger migration or higher patch connection (compare lines in Fig. 6b and
Fig. S10c).

The total host population was largely influenced by the disease dynamics: the larger disease led to lower host population
(compare the trends in Fig. S10d and S10e). Because disease prevalence increased with larger migration and higher patch
connection, total host population decreased when migration in wild type was larger or patch connection was higher (see the
lower values of the blue dotted and red dashed line in Fig. S10d).

As would be expected, no matter where disease was introduced (in either all patches or one patch) in the host meta-
population, in the presence of migration, the topologies with more connections (i.e., larger edge numbers) but lower



Fig. 6. The influences of topological structures of the host metapopulation (Fig. S9, grouped by edge number) on the size ratio of wild type vs. robust (average
wild-type number in each patch divided by the average robust number in each patch) at 1.5 mortality ratio (aW/aR) when disease starts from all patches (a) or
from one single patch, which is randomly picked from the out layer of each topology (b). From blue to red, the edge number increases. All the other parameters
are: rR ¼ rW ¼ 0.7, rRd ¼ rWd ¼ 0.07, aR ¼ 0.25, bRR ¼ bRW ¼ bWR ¼ bWW ¼ 0.0004, mR ¼ mW ¼ 0.25, and K ¼ 3000. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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migration rates would be equivalent to the topologies that were less connected (with lower edge numbers) but in higher
migration rates. Therefore, patch topological connection could facilitate the migration of hosts among patches.
4. Discussion

Once a novel pathogen invades a naïve host population, hosts would likely undergo selection from pathogen (see host
evolution in Baalen, 1998; Boots and Bowers, 1999; Boots and Haraguchi, 1999; Didelot et al., 2016; Miller et al., 2005). With
the existing host spatial structure, both ecological and epidemiological factors (Conner and Miller, 2004; Earn et al., 1998)
would be expected to influence host evolution. Here, with the initially-existing host genotypes, we explored how hosts
responded to pathogen selection and provided a mechanistic understanding about the host-pathogen dynamics in systems
with evolving hosts and constant pathogens (e.g., White Nose Syndrome and Ranavirus; Echaubard et al., 2014; Maslo and
Fefferman, 2015). This study system can be compared to the concept of apparent competition (Holt, 1977). In this case, the
two host genotypes act as indirect competitors, with a common “predator” of the novel pathogen.

In general, the increase of the mortality difference between wild type and robust hosts (indicated by the mortality ratio
between wild type vs. robust with the fixed mortality in the robust type) would strengthen the disease selection for robust
hosts, leading to the decrease in the size ratio of the wild type vs. robust (compare the solid and dashed lines in Fig. 1a; see
also the decrease trend of the size ratio along y-axis under the threshold mortality ratio, i.e., the red dashed line in Figs. 2 and
4). The total host population could increase with the increase in the proportion of the robust genotype (Fig. 1a) when the
mortality ratio was not large enough to deplete the disease (<the threshold value), i.e., evolutionary rescue occurred (see the
similar trend between Fig. 1b and; Fig. S1b see also Carlsson-Gran�er and Thrall, 2015; Gonzalez et al., 2013; Maslo and
Fefferman, 2015). However, when the wild type suffered such great mortality as to largely decrease the disease prevalence
in the entire system, the mortality ratio would weaken the selection from disease, leading to an increase in the size ratio
(compare the dashed and dotted lines in Fig. 1a and the increase trend of the size ratio when the mortality ratio was > the
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threshold value in Figs. 2 and 4). The large decrease in disease prevalence could benefit the total population prevalence
(compare Fig. 1b with 1c, Fig. 3 with Fig. S4and Fig. 5 with). Fig. S7.

When disease started from all patches and the migration of wild type was not large enough to fully synchronize the
metapopulation, migration would facilitate the gene flow of the wild type. Given a certain carrying capacity, the patch(es)
with larger populations of the robust type would have less space for wild type individuals (i.e., higher competition between
the robust andwild types), leading to a higher density of the wild type therein (herewe assume equal patch size as 1, which is
quantitatively equivalent to Eqs. (1)e(11)). The randommovement of wild-type hosts among patches would therefore lead to
the net movement of wild type from the patch(es) with high between-type competition (and high wild-type density) to the
patches where two host types have lower competition (or lower wild-type density). Therefore, this migration benefits the
wild type and increases the size ratio of thewild type vs. robust (Figs. 2 and 6a). The above process can also be understood as a
decrease in the encounter rate between the two host types through wild-typemigration (see Jiao et al., 2016; Jiao et al., 2018),
which also decreases the between-type competition. Here the total host population at 15 generations is limited by the
proportion of the total carrying capacity available to each genotype given the mortality ratio (see the trend along y-axis in
Fig. 3). This allows us to clearly observe the shift in relative population size between robust and wild type given a particular
disease prevalence. Wild-type migration among patches does not influence each patches’ carrying capacity, so the total
population size does not depend on the migration (see the trend along x-axis in Fig. 3).

When disease started from one patch, a small migration rate could largely facilitate the disease spread across the entire
system and increased the total disease prevalence across all patch topologies (Fig. S7 in Appendix 3 and S10e in Appendix 4).
However, when the mortality ratio was small (near 1), a further increase in migration would again facilitate the gene flow,
reduced the inter-type competition, and boosted the total host population (see the trend near the bottom of Fig. 5). In that
case, if the conservation goal is to increase the total host population and disease already spread among patches, building
corridors to increase patch connectivity (equivalent to increasing the migration rate; see the exchangeable roles of migration
and patch connectivity in Fig. 6a) could benefit host conservation (see Hess, 1996). When the mortality ratio was large, there
was reduced prevalence of the disease and migration acted to increase disease persistence by facilitating spread across
patches. This resulted in a decrease in the size ratio of wild type vs. robust, i.e. evolutionary rescue occurred (due to the
selection on robust type; see Fig. 4). Under this scenario, to protect the host and reduce disease persistence, it may be that
conservation strategies should focus on reducing patch connectivity (e.g., block the passway among patches) to decrease
migration rate. If disease already spread across all patches and blocking host migration could not sufficiently reduce disease
persistence, other strategies considering evolutionary rescue may be applied (see Maslo and Fefferman, 2015).

Due to the advantage of sustained lower mortality, it is very likely that in the presence of sustained, endemic disease
transmission would lead to evolutionary rescue, i.e. the robust type would dominate the system as a superior competitor
given enough generations, even though the wild type initially had higher number. This is consistent with the classic theory of
competition exclusion (Gause, 1970; Levin, 1970). However, this will depend on the relative strengths of migration (or patch
connectivity) and differences in disease-driven mortality between the two host genotypes.

To better apply to real systems, some assumptions in our study can be relaxed and studied in future work. For example, we
assumed that only the wild type can migrate among patches. Future work could consider mobile mutants and explore the
influences of different movement patterns on host evolution (e.g., non-randommovement; see Armsworth and Roughgarden,
2005; Jiao et al., 2018). This study also assumed that the host could not recover from infection, which led to long-term disease
prevalence (unless the mortality is large enough to decrease the number of infected individuals below the threshold for the
effective reproductive value for the disease). Naturally, it will also be important to consider the evolutionary outcomes for
diseases from which hosts can recover, either with or without long-lasting immunity against future infection. Also, here we
assumed that all patches have similar environmental conditions (i.e., same maximum birth rate and two host genotypes
which have slightly different initial sizes but respond consistently across patches). However, in the real world, habitat het-
erogeneity commonly exists across systems (e.g., Cramer andWillig, 2005; Danielson,1991; Jiao et al., 2018; Seitz et al., 2017),
which may drive very different host-pathogen dynamics in local patches and further influence the pattern in entire system.
Future work could include different types of habitat heterogeneity and the potential corresponding movement behaviors. In
addition, here we only considered the mortality difference between the host genotypes. Of course, beyond tolerance to the
pathogen (Best et al., 2008; Miller et al., 2006), other genetically driven protections for the robust type should be considered,
such as increased resistance (i.e., lower transmission and/or increased recovery; see Råberg et al., 2009; Restif and Koella,
2004; Roy and Kirchner, 2000), or longer/more effective immunity (see D�ebarre et al., 2012; Thrall and Burdon, 2003). The
wild type could also have higher growth rate to compensate its higher mortality rate in the presence of disease. All the above
assumptions can be easily modified from our current models to explore these questions in future work.

In summary, our study highlights the necessity of studying the selection of pathogens on hosts (i.e., the dynamics of
systems with evolving hosts but constant pathogen) and sheds light on the ecology-evolution interactions (e.g., Best et al.,
2011; Brown and Hastings, 2003; D�ebarre et al., 2012; Lambrinos, 2004; Lion and Gandon, 2015; Schreiber et al., 2018).
Our findings also demonstrate the importance of considering short-term host-pathogen transient dynamic during the design
of conservation strategies. We contribute to a growing body of literature on the necessity of studying transient dynamics and
regime change (Caswell, 2019; Hastings, 2001, 2004; Rabinovich et al., 2008; Shriver et al., 2019). By exploring the influence of
host metapopulation on system evolution, our findings specifically provide guidance for manipulating migration to achieve
biological conservation for populations under disease threat (see Jiao et al., 2018; Rolls, 2011; Subba et al., 2018)): e.g., either
building corridors to facilitate migration, or deploy blocks to decrease migration, depending on the conservation purposes
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and system dynamics at certainmortality levels (see the relationship between patch connectivity andmigration; Fig. 6, Fig. S9
and S10 in Appendix 4). We present clear evidence that metapopulation dynamics and movement ecology must also be
incorporated into evolutionary epidemiology when managing populations under threat from novel pathogens.
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