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Abstract Migration (seasonal round-trip movement
across relatively large distances) is common within the
animal kingdom. This behaviour often incurs extreme costs
in terms of time, energy, and/or survival. Climate, food,
predation, and breeding are typically suggested as factors
favouring the evolution of migration. Although disease
regulation has also been considered, few studies consider it
as the primary selective pressure for migration. Our aim
was to determine, theoretically, under what conditions
migration could reduce the long-term disease prevalence
within a population, assuming the only benefits of migra-
tion are infection-related. We created two mathematical
models, one where the population migrates annually and
one where the entire population remains on the breeding
ground year-round. In each we simulated disease trans-
mission (frequency-dependent and density-dependent) and
quantified eventual disease prevalence. In the migration
model we varied the time spent migrating, disease-related
migration mortality, and the overall migration mortality.
When we compared results from the two models, we found
that migration generally lowered disease prevalence. We
found a population was healthier if it: (1) spent more time
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migrating (assuming no disease transmission during
migration), (2) had higher disease-induced migration
mortality, and (3) had an overall higher mortality when
migrating (compared to not migrating). These results pro-
vide support for two previously proposed mechanisms by
which migration can reduce disease prevalence (migratory
escape and migratory cull), and also demonstrate that non-
selective mortality during migration is a third mechanism.
Our findings indicate that migration may be evolutionarily
advantageous even if the only migratory benefit is disease
control.

Keywords Annual migration - Density-dependent
transmission - Disease control - Frequency-dependent
transmission - Mathematical model - Migratory cull -
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Introduction

Migration is a behaviour that has evolved across a broad
range of taxonomic groups (Alerstam et al. 2003;
McGuire and Fraser 2014). Migration is characterised as
an animal’s persistent movement between two or more
habitats (Dingle 1996) and typically involves high ener-
getic demands and extreme physiological changes
(Lidicker and Caldwell 1982; Altizer et al. 2011).
Migration can occur in numerous ways from long-range
to-and-fro seasonal migration, as seen in the finetooth
shark, Carcharhinus isodon (Castro 1983), to single one-
way migration, as shown by the North American tum-
bleweed (Dingle 1996). In order to evolve such a complex
and costly behaviour, migration must be highly beneficial.
Many people have theorised about the exact nature of
these benefits. The three main hypothesised benefits are
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increased food quality, finding mates or breeding sites,
and avoiding the energetic costs associated with season-
ally harsh climate or predation (Heape 1931; Aidley 1981;
Avgar et al. 2014). Although reducing the energetic costs
associated with parasites and pathogens is sometimes
mentioned as a benefit of migration (e.g., Avgar et al.
2014), it is rarely studied as a primary factor driving
migration (but see Poulin et al. 2012).

Many unfavourable diseases infect species that go
through annual migration (Table 2 in Altizer et al. 2011),
and it is clear that migration and infection could potentially
interact in a number of ways. As individuals migrate, they
can transfer pathogens to new areas (Reed et al. 2003).
Infection by pathogens can also interfere with an individ-
ual’s ability to successfully migrate (van Gils et al. 2007).
Furthermore, studies have shown that in some species
migrants have a higher level of infection than residents
(van Dijk et al. 2014) while in other species the reverse is
true: migrants have a lower level of infection than residents
(Folstad et al. 1991).

Three mechanisms have been proposed to explain how
migration can reduce infection: migratory escape (Loehle
1995), migratory allopatry (Krkosek et al. 2007), and
migratory cull (Bradley and Altizer 2005). Migratory
escape occurs when individuals temporarily leave a highly
infectious environment via migration. Pathogens that rely
on hosts being present decline in number, resulting in lower
virulence upon the individuals’ return to the environment.
Similarly, migratory allopatry occurs when susceptible
juveniles are physically separated from infectious adults
(Krkosek et al. 2007). Migratory cull, on the other hand,
occurs when infected individuals are not as capable of
surviving migration, and thus reduce the prevalence of a
disease within a population. Some studies have suggested
that this process of natural selection against the infected
leads to stronger immunity in migratory populations
(Mgller and Erritzge 1998).

Although there is strong empirical support for each of
these mechanisms, directly quantifying the disease control
benefits of migration is difficult since migration can be
driven by multiple covarying factors (e.g., disease and
climate). However, such quantifications can be possible in
theoretical studies of migration and disease. Hall et al.
(2014) created a model to examine the interaction between
disease transmission and seasonal migration, using life
history assumptions typical of migratory Neotropical
passerine species. Individuals in their theoretical popula-
tion either remained at the breeding ground year-round or
migrated to a wintering ground. They found that more
extreme migration lowered disease prevalence (travelling
longer distances and departing earlier from the infected
breeding ground) and suggested that migration could
therefore be adaptive for pathogen avoidance.
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Here we develop a model for migration and disease that
is similar to the approach in Hall et al. (2014), but with two
key differences. First, we assume that the only benefits of
migration are related to infection. In contrast, Hall et al.
(2014) also assume seasonality in survival that differs
between the breeding and non-breeding grounds. Second,
we compare the infection prevalence in migratory and non-
migratory populations, whereas Hall et al. (2014) compare
the infection prevalence across different types of migratory
populations. These two differences enable us to determine
conservatively whether migration can minimise disease
prevalence (maximise population health) if disease control
is the only benefit to migration. We develop a pair of
theoretical models and use them to compare disease
prevalence with and without migration, considering both
frequency-dependent and density-dependent disease trans-
mission. We find that migration generally lowered disease
prevalence and we demonstrate three mechanisms by
which this occurs. Our findings suggest that disease control
by itself could be a selective pressure for migration.

Methods

Here we model disease prevalence in a population of
individuals that annually migrate between two areas: one
where breeding occurs and a second, non-breeding, area.
For simplicity we refer to the second as the ‘wintering
grounds’, even though we do not assume seasonality in
survival. We separate the year into four discrete time
periods: breeding, migration, wintering, and return migra-
tion (Fig. 1). For comparison, we also consider a non-mi-
gratory population that spends the entire year on the
breeding ground.

Breeding and wintering grounds

We assume disease transmission occurs primarily in the
breeding and wintering grounds. To model disease trans-
mission between individuals, we employ a standard SI
disease model, and we considered both frequency-depen-
dent disease transmission
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Fig. 1 Schematic of the model’s annual cycle showing susceptible
(S) and infected (/) individuals during the breeding, migration,
wintering, and return migration time periods. Disease transmission (f5)
and recovery (y) occur primarily on the breeding and wintering
grounds. The mortality of susceptible and infected individuals are
given by ug and yy (occurring continuously during the breeding and
wintering seasons) and 1 — gs and 1 — oy (occurring once during
each migration). The number of new offspring is given by b

(for a full list of parameters and variable with their defi-
nitions and values see Table 1).

This splits the population into two groups: susceptible
(), healthy individuals, and infectious (), individuals who

have become infected by a disease. The rates at which
individuals move between susceptible and infected classes
depend both on how infectious the disease is (' and f8) and
how fast infected individuals recover (y). We also assume
that there is a constant disease-independent mortality rate,
which is higher for infected individuals (y;) than suscep-
tible ones (us). Extra disease-related mortality occurs when
there is the additional stress of migration (see below).

Migration

For simplicity, we assume that essentially no disease
transmission occurs during migration. Each individual
undertaking migration survives with probability o, the
likelihood of it reaching its destination. Since migration is
typically quite costly, we assume that mortality during the
migration period (length #,;) is higher for a migrating
individual than for one remaining on the breeding ground
(1 — 0 > e Hm),

To test the impact of migratory cull on disease preva-
lence, we varied the disease-related mortality cost (c) of
having the disease. The survival of infected individuals (ay)
is given by

o1= (1 —c¢)os (3)

where oy is the survival of healthy individuals. If there is
no cost to the disease during migration, then ¢ = 0 and
healthy and infected individuals have equal survival
probability during migration (os = a1). However, if there is

Table 1 Table of all parameters and variables used in the model, a brief description of each and their assigned values, if given ones

Parameter Definition Values in Fig. 2 Values in Figs. 3, 4, 5
Py Initial population size 1000 1000

So Initial number of susceptible individuals 900 900

Iy Initial number of infectious individuals 100 100

I Rate of frequency-dependent infection 0.01, 0.03, 0.05 0.01, 0.02, 0.03, 0.05

p Rate of density-dependent infection NA 0.00001, 0.00002, 0.00003, 0.00005
Y Rate of disease recovery y=pr y=p12;y=p2

Us Susceptible mortality (per day) 0.0005 (20 % per year) 0.0005 (20 % per year)
I Infectious mortality (per day) 0.0007 (25 % per year) 0.0007 (25 % per year)
c Disease-related migration mortality cost 0.3 Varied from 0 to 1

Os Chance of susceptible surviving migration 0.7 Varied from 0.5 to 1.0
o1 Chance of infected surviving migration 0.49 o= (1 —c¢)os

K Carrying capacity 1500 1500

r Newborns per individual 2.5 25

b Births per year r(S + [)(1 — %) r(S + 1)(1 — %)

[ Time spent in breeding ground (days) 115 115

v Time spent migrating to wintering ground (days) 61 Varied from 0-60

tw Time spent in wintering ground (days) 136 365 — (tg + tvi1 + tm2)
vz Time spent migrating to breeding ground (days) 53 Varied from 0 to 60

The migratory times were based on the yellow warbler, a well-studied migratory bird from North America
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Fig. 2 Simulation of disease dynamics over time, showing the
difference between one and multiple years as well as migratory versus
non-migratory populations and different transmission rates, 8. The
solid lines indicate the number of susceptible individuals (S), the

a cost (0 <c¢ < 1) then infected individuals have lower
survival than healthy ones. Clearly this cull would initially
reduce the number of infected individuals, but it is unclear
if the disease would be restored to its previous level after
migration ends and transmission resumes.

One year in the life

To create a basic annual structure, we used data from Se-
tophaga coronata, the Yellow-Rumped Warbler, a well-
studied migratory bird of the Americas. Note, however,
that our model framework is not constrained to this species
or even just to birds—it is general enough to be broadly
applicable to migratory species across taxonomic groups.
The Yellow-Rumped Warbler spends about 115 days on its
breeding ground, 61 days migrating in the fall, 136 days on
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dashed lines indicate the number of infected individuals (/), and grey
bars indicate time periods spend migrating (no transmission). All
simulations were run with disease-related migration mortality cost
c=03

its wintering ground, and 53 days migrating in the spring
(Burton 1992).

Each simulation was run as follows. The population is
initialised with 10 % infected individuals (I, = 100,
So = 900). For the next tg days the population is on the
breeding ground and experiences continuous disease
transmission. At the end of this period the population
migrates for #y; days. We varied the relative disease-related
mortality cost between susceptible and infectious individ-
uals in order to quantify the effect of a migratory cull on
the population.

Once the population arrives at the wintering grounds,
disease transmission resumes. They remain here for fw
days (tg + 2ty + tw = 365) and then spend t#,; days
migrating back to their breeding ground. The population
reproduces instantaneously at the beginning of the breeding
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time period. We assume reproduction is density-dependent,
with the number of newborns given by

b:r(S—l—I)(l—%) (4)

where r is the potential number of offspring an individual
can have and K is the carrying capacity of the environment
(the maximum number of individuals the environment can
sustain). We assume that all newborns enter the susceptible
category (there is no vertical transmission of the disease
between parents and offspring).

For short-term dynamics, we report the disease preva-
lence (fraction of individuals that are infected) over time.
For long-term dynamics, we focus on the disease preva-
lence immediately before reproduction at the start of the
year. We ran each simulation for 100 years, until the dis-
ease prevalence at this point in the annual cycle did not
change from year to year. We refer to this steady-state
disease prevalence value as the ‘eventual disease preva-
lence’ for the population.

We fixed the ratio of transmission to recovery rates (ff'/
y = 2 and f/y = 2) but varied transmission rate for each
frequency-dependent transmission (f’ = 0.01, 0.02, 0.03,
and 0.05) and  density-dependent  transmission
(p = 0.00001, 0.00002, 0.00003, and 0.00005), as well as
disease-related  mortality cost during  migration
(0 < ¢ <1). For comparison, we also ran an additional
model where the population does not migrate. This model
is simply the SI models (1) and (2) run throughout the
entire year with births at the beginning of the year. We
compared the eventual disease prevalence to determine
how parameter values impacted the disease prevalence.

Results
Within year dynamics

Throughout the breeding period, the number of susceptible
individuals decreased and the number of infected individ-
uals increased (Fig. 2a—f). The rate at which this happened
was affected by the value of f/, which represents the
infectivity of the disease. When f’ was large (Fig. 2c¢, f),
the disease spread quickly and the population rapidly
reached a steady state. In contrast, in simulations with a
smaller f§, disease spread slowly and the population typi-
cally did not reach the steady state before migration
(Fig. 2a, d). If the steady state was not reached prior to
migration, then the ‘migratory cull’ (increased mortality
during migration) had the greatest impact, as the disease
was still at relatively low levels in the population. This
means that for a disease with a small f#/, at the beginning of
the migration there will be fewer infected individuals and
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Fig. 3 Effect of disease mortality during migration. Eventual disease
prevalence within the population as a function of disease-related
migration mortality cost (c) for different transmission rates, for
a frequency-dependent and b density-dependent transmission. As the
disease becomes more costly, infected individuals are less likely to
survive migration. Over multiple years this migratory cull increases
the proportion of susceptibles within the population thus reducing
eventual disease prevalence

thus the potential for the cull to ‘nip the disease in the bud’.
Generally, the smaller the f value, the lower the disease
prevalence at the end of the year. The results were quali-
tatively the same for density-dependent transmission (not
shown).

Across year dynamics

As with the single year example, ' changed the eventual
(long-term) disease prevalence when the model was run
over multiple years (Fig. 2g-1). A disease within a resident
(non-migrating) population eventually had a 50 % preva-
lence (Fig. 2j-1) whereas the migrating population had
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Fig. 4 Effect of non-transmission period. Eventual disease preva-
lence in the population as a function of time (in days) spent migrating
(ty) for different transmission rates, for a frequency-dependent and
b density-dependent transmission. The more time spent migrating the
fewer infected individuals in the population. Here, there is no cost to
having the disease during migration (¢ = 0). Even when migration
takes no time there is still less infected individuals than in a non-
migrating population

much lower disease prevalence (Fig. 2g—i). For small f/,
the disease eventually disappeared (Fig. 2g). We attributed
this difference in disease prevalence to three factors that
are present in the migration model but not in the resident
model.

First, when there was a mortality cost to having the
disease during migration (¢ > 0), disease prevalence was
lower after the migratory cull in any given year. This
resulted in a higher proportion of healthy individuals in the
long-term. These results hold across multiple transmission
rates which all showed a decrease in disease prevalence
when the cost is increased, for both frequency-dependent
(Fig. 3a) and density-dependent (Fig. 3b) transmission.
The sharpest decline of infection was seen in the models
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Fig. 5 Effect of total migration mortality. Eventual disease preva-
lence after an instantaneous population decline (ty; = 0) as a function
of mortality probability during migration (1 — os, where ¢ = 0 so
o = 01 = gg) for different transmission rates, for a frequency-
dependent and b density-dependent transmission. Here in the extreme
case (I — o = 0), the eventual disease prevalence is the same for a
migrating and non-migrating population

with lower frequency-dependent transmission rates. The
proportion of infected individuals was generally higher
under density-dependent transmission than under fre-
quency-dependent transmission, especially for low disease-
related mortality.

Second, the migrating population in our model experi-
enced a time of no transmission (since we assumed no
transmission during migration) which overall reduced dis-
ease prevalence. We varied the time that migration takes
(tp) and found that the more time spent migrating the lower
the disease prevalence in the population (Fig. 4). This
effect was much stronger for frequency-dependent trans-
mission than for density-dependent transmission. In simu-
lations with no migration, the proportion of infected
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individuals was approximately 0.5 when 8’ was large (0.02,
0.03, and 0.05) and 0.47 when f’ was 0.01 (for frequency-
dependent transmission) and the proportion of infected
individuals was approximately 1.0 when f was large
(0.00002, 0.00003, and 0.00005) and 0.96 when f was
0.00001 (for density-dependent transmission). Therefore,
even for no time spent migrating (f,y = 0), the disease
prevalence was still higher in migration simulations than in
the non-migrating ones.

Third, any degree of mortality during migration (re-
gardless of infection) led to a long-term reduction in dis-
ease prevalence. To separate out this third factor, we ran a
set of simulations where there was no disease-related
migration mortality cost (¢ =0) and no time spent
migrating (fy; = 0). Here, we found that the higher the total
migration mortality, the lower the proportion of infected
individuals (Fig. 5). The change in infection prevalence
with increasing mortality was much more drastic for den-
sity-dependent transmission (Fig. 5b) than for frequency-
dependent transmission (Fig. 5a). The long-term disease
prevalence was reduced even though the fraction of indi-
viduals dying during migration was the same for both
susceptible and infected.

Discussion

Consistent with prior theoretical and empirical work, here
we show that migration can benefit host populations by
lowering disease prevalence. The novelty of our results
comes from the fact that, in contrast to previous theoretical
work, we have constructed a model where the only benefits
of migration are lowered disease prevalence (e.g., no
increased survival). We demonstrate that migration could
indeed lower disease prevalence in a population, by acting
through three mechanisms.

First, if infected individuals have lower survival during
migration than healthy individuals do, disease prevalence is
lower. Although a higher mortality of diseased individuals
intuitively lowers disease prevalence in the short term, the
long-term outcomes are less obvious. We found that when
the infection rate is high, the disease prevalence quickly
increases again after migration. In contrast, we show that
when the infection rate is low, disease prevalence does not
increase to the same level that was present prior to
migration and, in the extreme, eventually dies out. As a
result, migratory populations have lower disease preva-
lence than resident populations (an example of migratory
cull; Bradley and Altizer 2005). The validity of a disease
cull is supported by empirical evidence that migratory birds
infected with low-pathogenic avian influenza (LPAI) can
have deteriorated body condition (Latorre-Margalef et al.
2009), or travel shorter distances during migration (van

Gils et al. 2007) compared to uninfected migrants. When
the immune response is triggered it leads to a decrease in
body condition (Nebel et al. 2012) thus reducing an indi-
vidual’s chance of surviving migration. The same physio-
logical impact can also be seen in individuals carrying
parasites (Wagner et al. 2003; Bradley and Altizer 2005).
As long as the parasite’s life cycle does not change the
transmission dynamics, our model also applies to
microparasite infection.

Second, when there is more time spent migrating, there
is less time at the wintering and breeding grounds, where
disease transmission occurs, which results in lower disease
prevalence. This outcome is based upon our assumption of
no disease transmission during migration, and this is
effectively the ‘migratory escape’ mechanism proposed by
Loehle (1995) and for which Hall et al. (2014) also found
theoretical support. The assumption of no (or at the very
least, lower) disease transmission would be more appro-
priate for species that form particularly dense aggregations
on either the breeding or non-breeding grounds (e.g., elk,
Cervus elaphus; Cross et al. 2010, and many reef fish;
Domeier and Colin 1997). However, species like red knots
(Calidris canutus) that migrate in groups or aggregate at
stopover sites may actually experience increased trans-
mission during migration (Buehler and Piersma 2008). The
Hall et al. (2014) model assumes that transmission does not
occur in the wintering ground (in contrast to our assump-
tion of transmission in both breeding and wintering
grounds), which may be the case in some species. Again, as
the model developed by Hall et al. (2014) assumes that
migration is beneficial even with no pathogen present, it is
used to answer a different question (for a migrating species,
what amount of time spent migrating and distance travelled
is most beneficial?) than the one we answer here (when is
migration more beneficial than not migrating?).

Last, the overall population decline caused by migration
mortality (irrespective of an individual’s infection status)
causes a reduction in disease prevalence. To measure this,
we considered the case where migration is instantaneous
and all individuals have the same chance of surviving
migration. Here, higher mortality during migration reduces
the mean lifespan of both susceptible and infected indi-
viduals. A reduced lifespan of infected individuals creates a
lower probability of infecting susceptible individuals, and
therefore reduces overall disease prevalence. This type of
instantaneous cull could occur in situations other than
migration, such as seasonal bushfires, storms, frosts or
heatwaves that kill part of a population. In each case, we
expect the cull to result in lower disease prevalence. In
fact, this sort of non-selective culling has been used as a
strategy for actively managing diseases such as bovine
tuberculosis and chronic wasting disease in wildlife pop-
ulations (Schmitt et al. 2002; Potapov et al. 2012;
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Manjerovic et al. 2014). Future empirical studies should be
conducted to test whether natural events lead to lower
disease prevalence as well. For example, studies could
examine the effect of a single population drop and how
large it could be before it becomes detrimental to the
population.

We ran our model using both frequency-dependent and
density-dependent transmission. The transmission of most
diseases is likely somewhere in the middle so these should
be seen as two ends of a spectrum rather than two com-
pletely distinct scenarios (Antonovics et al. 1995). For both
transmission cases, migration reduced disease prevalence
under all three of the mechanisms described above. How-
ever, the relative effect of each mechanism differed by
transmission type. Increased time without disease trans-
mission (time spent migrating in our model) had a bigger
impact for frequency-dependent transmission. In contrast,
increased mortality during migration (both disease-related
mortality, and overall mortality) had a bigger impact for
density-dependent transmission. Full eradication of the
disease from the population was most feasibly under den-
sity-dependent transmission with increased overall mor-
tality during migration, and under frequency-dependent
transmission with increased disease-related mortality dur-
ing migration. This matches standard understanding in
disease modelling that non-selective reduction of popula-
tion size is a feasible strategy for eradicating disease under
density-dependent transmission, but not under frequency-
dependent transmission (McCallum et al. 2001).

Although our model does show improved population
health due to migration it does not track individuals and thus
cannot determine if disease control could cause the evolution
of migration. Future models should be made to test the
evolutionary weight of disease control and determine if it
could instigate migration. Empirical studies have shown that
in some species, individuals decide to migrate or not based
on body condition, with evidence for both better (Brodersen
et al. 2008) and worse (Olsson et al. 2006) condition causing
individuals to migrate. Perhaps if given the chances to
remain behind, infected individuals would not migrate.

Since our model does not include migration distances
explicitly, it could also be used to model any behaviour that
involves a period of time when there is no disease trans-
mission. For example, in the case of hibernation, disease
transmission likely occurs throughout the year except
during the time of hibernation (for species that hibernate
solitarily). This system could also involve a cull for
infected individuals as it could be hypothesised that the
cost of the immune response would use energy needed to
survive over the time of hibernation.

In addition to there being disease-related benefits of
migration (explored here), there can also be disease-related
costs of migration (not explored here). For example, in
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some species, migrating can actually increase exposure to
pathogens (Figuerola and Green 2000; Waldenstrom et al.
2002; Morgan et al. 2007). In these cases, for migration to
be favoured there must be some non-disease benefit to
migration. Future modelling work could determine when
the benefits of migration outweigh the costs, in the case
where migration increases disease exposure.

Our model showed a decline in disease prevalence
caused by three different factors: migratory cull of infected
individuals, escaping transmission time via migratory trip,
and a general population cull. The largest reduction in
disease prevalence was caused by migratory cull. This is
one of the first models to consider disease control as the
only benefit to migration. Since we found such a large
population benefit, we argue that disease control should be
considered alongside climate, food, predation, and repro-
duction as potential benefits to migration.
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