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Abstract

As anthropogenic changes alter animal migration routes, understanding the consequences of these
changes is critical for conservation. One consequence of altered migratory routes is exposure to infection
by new parasites (i.e., migratory exposure). Theoretical models aiming to understand migration-infection
dynamics typically have focused on infection-related benefits (i.e., migratory escape) to migration and
have not included migratory exposure as a cost, which limits our ability to understand how changes to
migration might be constrained by infection-related costs. Here, we explore one way animals cope with
altered migratory routes: by adjusting the amount of time spent in different environments to minimize
overall intensity of parasite infection. We develop a model of one host moving between two environments
(each with an environmentally-specific parasite). We find that if the function describing parasite infection
accumulation over time is accelerating, the optimal strategy is for hosts to split their time between
environments. However, if both parasite accumulation functions are saturating, it is best for hosts to stick
to a single environment. This model generates novel predictions about how time spent by migratory

species in different environments is shaped by coinfection with multiple parasites.

Keywords: bet-hedging, host-parasite interactions, migratory behavior, movement ecology, parasite

abundance, parasite intensity
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Introduction

Animal migration, the predictable, round-trip movement of individuals between distinct habitats, is a
widespread behavior that occurs in many organisms from insects to large mammals (Dingle and Drake
2007, Dingle 2014). Yet, this behavior is increasingly threatened by anthropogenic change (Cooke et al.
2024). Habitat loss, climatic change and barriers (e.g., dams, fences, wind farms) are among the most
worrisome pressures faced by animals trying to get from one habitat to the next (Wilcove and Wikelski
2008, Xu et al. 2021, Tolvanen et al. 2023, Cooke et al. 2024, Lisovski et al. 2024). Luckily for some
species, migration is a plastic behavior allowing individuals to alter aspects of their migration to mitigate
the challenges presented by local changes (Xu et al. 2021, Lewin et al. 2024, Laforge et al. 2025). For
example, elk (Cervus canadensis) have been known to alter their migration routes, timing, duration and
distance in response to changes in predation risk, precipitation regimes, land use and forage availability
(White and Garrott 2005, Jones et al. 2014, Middleton et al. 2018, Rickbeil et al. 2019, Laforge et al.
2025). Climate-related shifts in the timing and/or location of bird and marine vertebrate migrations is also
increasingly reported (van Weelden et al. 2021, Lewin et al. 2024, Kuletz et al. 2024, Puleo et al. 2025,
Lopez-Ramirez et al. 2025). However, changes to migration timing and traditional migration routes may
introduce new challenges for migrants including the need to locate new stopover or foraging sites, moving
through unsuitable or suboptimal habitats, and navigating a new landscape of natural enemies such as
predators and pathogens (Hall et al. 2016, Gallagher et al. 2017, Daversa et al. 2017, Weinstein et al.
2018, Lisovski et al. 2024). Exploring how migrants optimize their migration strategies to minimize these
pressures is key to understanding the resilience of migratory behaviors in the face of anthropogenic

change.

While migratory behaviors have traditionally been studied in the context of understanding how migrants
track resources including food, shelter and mates or favourable climates (Dingle and Drake 2007), the

implications of the predictable movements of individuals across distinct landscapes in terms of
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interactions with natural enemies is of increasing interest to researchers. In particular, the idea that
infection can both shape and be shaped by animal migration is now an established concept in the literature
(Altizer et al. 2011, Peacock et al. 2020, Poulin and de Angeli Dutra 2021, Binning et al. 2022).
Conceptual and theoretical models backed by a growing body of empirical evidence have shown that
individuals can gain infection-related benefits from migration via processes including environmental and
social escape from parasites (migratory escape), recovery from existing infections (migratory recovery)
and a reduction in the number of infected conspecifics in a population during migration (migratory
culling) (Binning et al. 2022). Alternatively, migrants may also be at a greater risk of becoming infected
by parasites and pathogens than non-migratory individuals since moving across greater ranges and diverse
landscapes increases the encounter probability with infectious agents (migratory exposure) (Altizer et al.
2011, Binning et al. 2022). For example, some species of migratory ungulates, fishes and birds harbor
greater prevalence, richness and/or abundance of parasites than residents (Figuerola and Green 2000,
Koprivnikar and Leung 2015, Teitelbaum et al. 2018, Shaw et al. 2018). Although this risk of migration is
well known and acknowledged in many systems, particularly migratory birds (Figuerola and Green 2000,
Koprivnikar and Leung 2015), it is not often explicitly accounted for in theoretical models (but see Shaw
et al. 2018), which more commonly assume that moving away from the breeding environment benefits
migrants through social and environmental migratory escape (Shaw and Binning 2020, Binning et al.

2022).

As many migratory species are being forced to migrate along non-traditional routes and/or during altered
times to reach their destination, they may encounter novel circumstances (e.g., new habitats, new
aggregations of con- and heterospecifics) that enhance opportunities for parasite transmission (Altizer et
al. 2011, Cooke et al. 2024). As a result, migratory exposure may fundamentally alter the costs and
benefits of migration from an infection standpoint. Indeed, migrants may need to balance the risk of
exposure to new infections as a result of migration with the risk of accumulating high infection intensity

(i.e., number of parasites in an infected host (Reiczigel et al. 2019)) if they remain. A similar situation
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arises in existing systems including sea trout (Salmo trutta), which migrate from marine to freshwater
environments to breed. Migration timing in sea trout appears to be influenced by the prevalence of
parasitic sea lice in the marine environment as well as individual infection status: higher infections drive
earlier migration back to freshwater rivers (Birkeland and Jakobsen 1997, Serra-Llinares et al. 2020).
However, once in freshwater, trout can be infected with trematodes and monogeneans, setting up a
potential trade-off in terms of the optimal time individuals should spend in each habitat in order to
minimize the accumulation of parasites (Mo 1997). How migrants might balance parasite escape and
exposure as they move between environments is an increasingly relevant question as threats to traditional

migratory routes and patterns increase.

Here, we build a theoretical model to understand optimal migration timing in the face of migratory escape
and exposure. We focus on the case where migrants move between two environments, accumulating a
different parasite in each one, and use it to ask three questions. First, what is the best (optimal) migration
timing strategy (including the possibility of not migrating) for minimizing overall infection? Second, how
big is the infection benefit of the optimal strategy compared to the baseline of not migrating? Third, how
sensitive is infection intensity to migration timing (i.e., how bad is it to be slightly not optimal)? By
explicitly incorporating migratory exposure into models (something that has rarely been done), we are

able to better understand the role this phenomenon plays in shaping migration timing.

Methods

Model

We developed a model with minimal parameters and complexity: one host, two environments (A and B),

and two environment-specific parasites (A and B). See Table S1 for all model parameters. This model
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describes a scenario in which a host starts with no vertically transmitted infection intensity and completes
one migratory cycle as follows. Hosts start the year in environment A, accumulating infection by parasite
A, resulting in infection intensity I». Next, hosts move to a second environment B, where they accumulate
infection by parasite B, at infection intensity Ig. Finally, hosts return to environment A at the end of the
year. Overall, hosts spend a proportion T of the year in environment A and the remainder (1 — 1) in

environment B (Figure S1).

We describe the accumulation of infection as a function of the time spent in a given environment. For
example, spending t time in environment A yields an infection intensity for parasite A given by

I,= V6 1]
where 64 is the accumulation for parasite A (in environment A). The value of 6 determines the shape of
the parasite accumulation curve. Values of 64 > 1 correspond to saturating infection accumulation (see
(Balstad et al. 2020), 8 = 1 indicate a linear curve, and values of 4 < 1 correspond to accelerating curves
(Figure 1). Parasite accumulation curves have previously been modeled in these ways based on existing
empirical evidence (Duerr et al. 2003, Benesh 2011, Shaw et al. 2023, Albery et al. 2024). Note that all
curves end up at the same point at the end of the year. In other words, individuals become maximally
infected (I, = 1) if they spend the full year in a single environment (t = 1), regardless of the value of §,.
Overall, bigger values of 84 lead to a faster initial accumulation of infection intensity before leveling off,
while lower values of 64 cause an initially slower accumulation before speeding up. Infection with
parasite B accumulates similarly while in environment B: a host spending 1 — t time in environment B

will have an infection intensity for parasite B given by
I,=(1—1)"" [2]
where 85 is the accumulation for parasite B (in environment B). Using a single exponential form for both

parasites gives the model flexible performance without unneeded complication. The 6 parameterization

allows us to describe different possible trajectories for increase in infection intensity, but also biologically
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indicates that the parasites cause the same overall cost to fitness if a complete year is spent in its

environment.
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Figure 1. Intensity of parasite infection (y-axis; I for parasite A and I for parasite B) in hosts as a
function of time spent in that parasite’s environment (x-axis; T in environment A, 1-t in environment B)
for 5 different values of the parasite accumulation parameter (different colored lines; 64 for parasite A, 6g
for parasite B). Values of § > 1 correspond to saturating infection accumulation, § = 1 indicate a linear
accumulation, and values of § < 1 correspond to accelerating.

To focus our model on the core mechanisms of interest, we make a number of simplifying assumptions.
We assume that both parasites are environment specific (e.g., there is no lag between leaving an
environment, and the ending of exposure to its corresponding parasite), we ignore interactions between
parasites (e.g., being infected with parasite A does not influence subsequent infection with parasite B),
and assume there is no recovery from infection. We also assume that the cost of infection is lower host

fitness, and that both parasites reduce host fitness in a comparable manner. In other words, it is

appropriate to add the effects as a net infection intensity given by

(i.e., adding equations 1 and 2 together). These simplifying assumptions are reasonable since they do not
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inhibit our ability to address the primary question of interest (although they may provide interesting

avenues for further exploration).

Analysis

Our aim is to determine what host migration timing strategy (value of 1) should be favored to minimize
infection intensity. In other words, what proportion of the year should hosts spend in Environment A
versus in Environment B to minimize their overall infection intensity (given by equation 3), which will
maximize host fitness? We look for the optimal migration timing, which we call t". Possible outcomes
could include: migrating immediately (t" = 0), splitting the year between the two environments (0 < T" <
1), or never migrating (t" = 1). We describe the infection intensity that corresponds to T" as I;" (the

minimal possible infection intensity).

To find T, we look for the critical point(s) of equation 3. We could do this by taking the partial derivative
with respect to 1, setting it to zero, and solving for t. However, this approach does not have a
straightforward solution and overlooks the possibility that infection might be minimized by one of the end
point cases, i.e., we seek the value of T" on the interval [0,1] that minimizes equation 3. Thus, we instead
use a numeric approach to find any critical points and calculate their corresponding I, value to determine

which produced the global minimum value of I..

Next, we look at the consequences for a host of using a migration strategy other than the optimal one. Our
first approach is to quantify how much more infection intensity a host would experience by not migrating
at all (i.e., if it used t = 1) compared to migrating optimally. In our model, hosts become fully infected if
they never migrate. In other words, I = 1 for T = 1, giving us a non-migratory (resident) baseline to
compare optimal migration strategies against. Thus, the difference in infection intensity experienced by a

resident host compared to migrating optimally is
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Dy=1-1". [4]
Given how we have set up the model, I = 1 also for T = 0. In other words, never migrating (spending all
time in environment A) and migrating immediately (spending no time in environment A) will always

have the same infection cost.

As a second way to measure the consequences of using a non-optimal strategy, we describe the cost (in
terms of increased infection intensity) to hosts of mistiming migration (i.e. migrating too early or too late
with respect to the optimal timing in terms of minimizing infection). The amount of increased infection

intensity a host that migrates early with error € experiences is given by

D (e)=I(t"—¢)-1I; [5]

T

and similarly the cost to a host of migrating late with error € is given by

D,(e)=I(t"+e)-1I . [6]
Here, € describes the size of the migration timing error in terms of the proportion of the year. We used € =
0.05 as a default (i.e., 5% of the year, equivalent to an 18 day shift in migration timing as can be observed
in some migratory birds and mammals; Bischof et al. 2012, Dossman et al. 2023), and also looked at € =
0.1 (i.e. 10% of the year or a 36 day shift) for comparison. A host migrating early means it spends less
time in environment A than optimal (i.e., T — €) whereas a host migrating late means it spends more time

in environment A than optimal (i.e., T + €).

Results

Across the parameter values that we considered, we found a range of possible optimal migration strategies

(Figure 2A). The behavior of the model can be described in four quadrants in terms of the accumulation
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parameter values for parasite A (8») and parasite B (8g). When the parasite accumulation curves of both
parasites A and B follow an accelerating profile (i.e., 64, 65 < 1; see Figure 1), there is always a migration
strategy that minimizes infection intensity (Figure 2A, lower left quadrant). This strategy is always more
favorable than not migrating and involves splitting time relatively evenly between the two environments
(intermediate T° values). If parasite B instead accumulates following a saturating curve (8g > 1), while
parasite A is accelerating (84 < 1), hosts benefit by spending less time in environment A as 8, increases
(smaller t° values; Figure 2A, upper left quadrant). If instead it is parasite A that accumulates following a
saturating curve (8. > 1), while parasite B is accelerating (&g < 1), hosts benefit if they spend more time in
environment A (larger T values) and in some cases not migrating is the optimal strategy (when &g
approaches 1, grey regions) (Figure 2A, lower right quadrant). Lastly, if both parasites accumulate
following saturating curves (84, 8s > 1), migration is never favorable in terms of parasite accumulation

compared to not migrating (Figure 2A, upper right quadrant).
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Figure 2. A: The optimal host migration strategy (colors, 1) as a function of the infection accumulation
parameter for parasite A (x-axis, 6») and parasite B (y-axis, 8g), ranging from 0 to 2.5 in 0.1 increments.
B: The amount of infection avoided by migrating optimally relative to not migrating (Dg, equation 4).
Gray represents cases where there are multiple optional strategies.

We found that the benefit to migrating (i.e., how much infection can be avoided) compared to not

migrating also varies across parasite accumulation parameters (Figure 2B). The largest migration benefit

is found in cases where both parasite accumulation curves are accelerating (Figure 2B, lower left), where
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it is possible to have nearly zero infection intensity at the end of the season with well timed migration.
This scenario is in contrast to the other quadrants, where the infection-related benefit, if any, to migrating

is small.

These results can be unpacked by looking at the within-year dynamics of a few example cases (Figure 3).
We again start in the lower left quadrant, when both parasites accumulate following accelerating curves
(Figure 3C). Here, parasite infection accumulates increasingly quickly the longer a host stays in an
environment, so it is best for hosts to split their time between environment A and environment B. During
the first part of the year, hosts accumulate infection following the accumulation curve for parasite A in
environment A (blue line in Figure 3C). If hosts were to spend the full year in environment A, they would
follow the accelerating blue curve and end up with an infection of I=1. However, by switching to
environment B partway through the year, the host switches to an initially lower rate of infection
accumulation described by the accumulation curve for parasite B in environment B (purple line in Figure
3C), resulting in an overall lower rate of infection intensity at the end of the year (dashed line in Figure
3C) compared to not migrating. Next, we move to the second quadrant where parasite B accumulates
following a saturating curve (Figure 3A). Because the parasite B curve is saturating, most of the cost is
paid early on and remaining in environment B longer leads to slower accumulation of infection intensity.
In contrast for parasite A (accelerating), the infection cost increases the longer the host stays in
environment A. Thus, the optimal strategy is to move from environment A to environment B relatively
early on (Figure 3A). In the third quadrant, where parasite B accelerates and parasite A saturates (Figure
3D), we see the reverse. Here, the cost for parasite A is high early on and slows over time, whereas the
cost for parasite B starts slow and increases. However, switching to environment B before the end of the
year still often leads to an overall lower infection intensity than not migrating, although the switch
typically comes relatively late in the year (Figure 3D). In the final quadrant, where both parasites
accumulate following saturating curves, most of the cost of infection is paid early on for both

environments (Figure 3B). This scenario means that switching environments leads to a higher cost than
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254 Figure 3. Four examples (corresponding to the 4 quadrants of Figure 2A) of infection intensity over time
for hosts that spend all of their time in environment A (blue solid lines), all of their time in environment B

256  (purple solid lines), or use the optimal migration strategy (black dashed lines), for three different sets of
parasite accumulation parameters: (A) 6, = 0.7 and &g = 1.5, (B) 6, = 1.3 and 65 = 1.5. (C) 84 = 0.7 and &5

258 =0.5,and (D) 64 = 1.3 and 65 = 0.5.

260 Intriguingly, the optimal migration strategy is not monotonic with respect to either parasite parameter.
Instead, when 8,<1, gradually increasing 8y (the parasite B accumulation parameter), leads to hosts

262  spending increasingly less time in environment B (larger 1) before switching to spending increasing more
time there (smaller 1) (moving vertically across Figure 2A). When both parasites follow accelerating

264  curves where parasite B initially accumulates more slowly (8g < 84 < 1), hosts switch from environment A

to B relatively early on (Figure S2A). As 6y increases, getting closer to 8a, the relative benefit of being in

266 environment B decreases and hosts are favored to spend equal time in both environments (Figure S2B).
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As &g increases further, passing 8 and 1 in value, the parasite B curve switches to be saturating. Now, the
cost of being in environment B decreases the longer hosts stay there while the cost of being in
environment A increases the longer the host stays there. Thus, hosts are now favored to spend less time in
environment A (Figure S2C). A parallel result can be seen by gradually increasing 84 (the parasite
accumulation parameter for parasite A), which leads to hosts spending increasingly less time in
environment A, before switching to spending increasingly more time there (moving horizontally across
Figure 2A). These patterns stand in contrast to patterns in the amount of infection benefit that hosts gain
by migrating, which does change monotonically with respect to each of the two parasite parameters

(Figure 2B).

Given that migratory species can display flexibility in the start date of their migrations, we can look at
how important it is for hosts to be precise with their migration timing. Specifically, we ask what the cost
to hosts is (in terms of increased infection) of migrating 5% earlier or later than the optimal migration
timing. Over the course of a 365 day annual cycle, a 5% change in migration timing corresponds to an
approximately 18 day difference in migration timing, which can occur in nature (Bischof et al. 2012,
Dossman et al. 2023). We find that migrating early (i.e. leaving environment A earlier than what is
optimal) is most costly when &g is very small (0.1) and 8, > 0.5 (Figure 4A). In this region of parameter
space, the optimal strategy (t" ~ 0.2) is to spend ~20% of the year in environment A and then move to
environment B for the remaining ~80% (Figure 2A lower part). The accumulation curve for parasite B
increases dramatically starting around 0.8 (Figure 1 green line), so spending too much time in
environment B (i.e., leaving environment A too early) comes at a steep cost. Migrating early is also
somewhat costly when &, is very small and &g > 0.5, as well as when §,>2 and 65 is close to 1 (Figure
4A). Mirroring the results for migrating too early, we find that migrating late (i.e. staying in environment
A longer than is optimal) is mostly costly when &, is very small (0.1) and &g > 0.5 (Figure 4B). In this
region of parameter space, the optimal strategy is to spend ~80% of the year in environment A and only

20% in environment B (Figure 2A far left). The logic here mirrors the case of migrating too early above.
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Similar to above, migrating late is also somewhat costly when 6 is very small and 6. > 0.5, as well as
when 8, is close to 1 and &g is very large. These results are qualitatively true under a larger error to
migrating (10% or approximately 36 days, shown in Figure S3). Overall, we see that when 6, and 85 are
different, there is an asymmetry in cost where migrating earlier is worse (or better) than migrating late

(Figure S4).
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Figure 4. How bad is leaving environment A early versus leaving environment A late for hosts from an
infection perspective? The cost (in terms of increased infection intensity) of migrating (A) 5% of the year
too early, Dg(0.05) or (B) 5% of the year too late D;(0.05), compared to migrating with optimal (t°) as a
function of the infection accumulation parameter for parasite A (x-axis, 6») and parasite B (y-axis, 0g),
ranging from 0 to 2.5 in 0.1 increments. Gray represents cases where there are multiple optional
strategies. See Figure S3 with a 10% error for comparison.

Discussion

In the face of a new barrier to a common migratory route, when might you expect a population of
ungulates to forge a new path or to remain year-round as residents? If weather patterns become more
unpredictable, how much should a migratory bird advance or delay the start of their spring migration and

what are the consequences of not adjusting? Answering these questions empirically is challenging,
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especially when trying to assess the impact of changing migration patterns on wildlife disease spread.
Theoretical models can help bridge gaps in our understanding by allowing us to explore different
outcomes across a broader range of scenarios than most data sets allow, providing a valuable complement
to data-driven research questions (Servedio et al. 2014). We developed a model to understand how the
conflicting pressures of avoiding environment-specific parasites shapes host migration strategies between
two environments. In terms of minimizing parasite infection, we found that migration was often a better
strategy than not migrating despite the cost of migratory exposure. However, the details of how much
time hosts should spend in each environment and how much infection could be avoided by migrating
depends on the parasite accumulation functions. The shape of the parasite accumulation functions also
influences the extent to which hosts benefit under the optimal strategy compared to not migrating.
Furthermore, mistiming migration can have different consequences when hosts migrate too early or too

late.

Biological interpretation

The rate at which hosts accumulate parasites in nature depends on a number of factors including parasite
life-history traits and transmission stages, host immunocompetence and condition, and environmental
factors such as temperature, humidity and habitat structure (e.g. Mignatti et al. 2016, Cable et al. 2017,
Davenport et al. 2024, Silva et al. 2025). Hosts may accumulate parasites at an accelerating rate (convex
function) when existing infections suppress immunity thereby making a host more susceptible to infection
by the same parasite. For example, In West Africa, human infection with the roundworm Onchocerca
volvulus increases with parasite burden due to immunosuppression (Duerr et al. 2003). Alternatively,
parasites accumulating at a saturating (concave) rate can occur when hosts can develop acquired
immunity against a parasite that makes them more able to defend against future infections. For instance,
rainbow trout (Oncorhynchus mykiss) in experimental mesocosms accumulated infection with

Diplostomum spathaceum trematodes more slowly the longer they were in the cages suggesting that their
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immunity to infection built up with increasing exposure (Karvonen et al. 2004). In our model we found
that if both parasites accumulated according to a saturating function (concave), it was better for hosts to
never migrate. In contrast, if one or both parasites accumulated according to an accelerating function,
migration was always a better strategy than remaining. Thus our model predicts that the details of how
parasites and hosts interact will shape whether or not migration is an effective strategy to minimize

parasite infection.

Our model did not account for costs of migration that are independent of infection. In reality, hosts can
incur substantial direct costs as a result of migration in terms of increased energy expenditure or
mortality (Wikelski et al. 2003, Rittenhouse et al. 2009). Despite not explicitly including such costs in our
model, we can interpret our results in a way that speaks to these costs. For example, under some
parameter combinations, the benefit to migrating is quite small in terms of the amount of infection
avoided. In these cases, we expect that migration would only be favored if the direct costs (e.g., mortality)
were quite low. However, under other parameter combinations such as when both parasites have strongly
accelerating accumulation functions, the benefit to migrating is quite large (Figure 2B). In this case, we

expect that migration would be favored more easily (i.e., under a wider range of direct costs to migration).

We explored cases where hosts mistime their migration with respect to the optimal time for minimizing
parasite infection. When, biologically, might we expect this outcome to happen? First, migrants may be
optimizing the timing of their migration based on factors other than infection. For example, to maximize
reproductive success, many birds face selection pressure to migrate early in order to secure breeding sites
(Kokko 1999), whereas birds that experience poorer overwintering conditions may need to migrate later
in the year (Dossman et al. 2023). Either of these cases might come with an infection cost if birds miss the
optimal timing in terms of infection. Second, changing conditions can lead to a shift in optimal migration
timing that migrants may not be able to match, depending on what cues they use to time their migration

(Torstenson and Shaw 2025). Plasticity in migration timing is common in many migratory species, and
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may be an important mechanism for buffering against perturbations such as climatic or physical barriers
to migration as well as altered parasite exposure (Bischof et al. 2012, Serra-Llinares et al. 2020, Dossman

et al. 2023, Chauveau et al. 2025, Smith et al. 2026).

Connections to past theory

Our result regarding the shape of the parasite accumulation curve is effectively an example of Jensen’s
inequality. This inequality states that for concave functions, the average value of a function evaluated at
each of two points will be smaller than if one were to first take the average of the two points and evaluate
that same function at that new point (Jensen 1906, Ruel and Ayres 1999). So, for example, when our
parasite accumulation curve is concave (saturating) (e.g., =2 in Figure 1), a host that never migrates
would have an infection intensity of 0 for parasite B and 1 for parasite A (black dots in Figure S5), for a
total infection intensity of 1. In contrast, splitting time between both environments (say 0.5 in each one or
1=0.5) would yield an infection intensity of 0.7 for each parasite (red dot in Figure S5A), for a total
infection intensity of 1.4, which is greater than 1. Thus, splitting time between two environments results
in a higher infection intensity than only visiting a single environment. In contrast if both parasite
accumulation functions are convex (accelerating) (e.g., 6=0.5 in Figure 1), splitting time between both
environments (again say 0.5 in each one) would yield an infection intensity of 0.25 for each parasite (red
dot in Figure S5B), for a total infection intensity of 0.5, which is less than 1. Thus, splitting time between
two environments results in a lower infection intensity than only visiting a single environment and

migration is favored.

Our model also builds on past theoretical work on host migration and parasite infection. Shaw et al.
(2018) found that migration can be beneficial even when it increases host exposure to novel parasites.
However, Shaw et al. (2018) considered infection as a binary (susceptible vs infected) whereas we

consider infection intensity (i.e., number of parasites in an infected host). Balstad et al. (2020) also found
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that whether or not hosts are favored to migrate depends on the timing of migration and on the rate of
infection accumulation. However, they only considered saturating parasite accumulation functions and
parasites in a single environment (Balstad et al. 2020). We expand on this work by considering different
parasite accumulation functions and parasites in multiple environments. In doing so, we can better capture

nuances in migratory decisions that animals must make in light of increasing anthropogenic pressures.

Future directions

The modelling framework described here could be expanded in future studies in three different ways.
First, one could test the robustness of our results by changing an assumption to see whether the results
stay the same or change, thus identifying a factor that mediates our findings. To start, one could use a
different infection accumulation function where the maximal infection differs between parasites (rather
than assumed to be equal as we did). Along similar lines, one could consider differential effects of
parasites on host fitness. Indeed, in nature, different parasites likely have distinct transmission rates and
virulence in their hosts. In both of these cases, one could look at tradeoffs, e.g., how much of a fitness
difference between parasites is needed to counterbalance a difference in rate of accumulation between
parasites? Second, one could explore the effects of adding different biological concepts to the model. For
instance, interactions between parasite species can influence patterns of parasite establishment in hosts
similar to the way priority effects influence succession dynamics in a habitat (Dallas et al. 2019). For
example, Hoverman et al. (2013) found reduced infection success of the trematode Ribeiroia ondatrae in
larval Pacific chorus frog Pseudacris regilla when hosts were first infected with a competing trematode
species Echinostoma trivolvis. In contrast, Halliday et al. (2020) found that Ribwort plantain (Plantago
lanceolata) infected with one strain of a fungal parasite Podosphaera plantaginis were more likely to be
infected with other strains suggesting facilitation among the fungal parasites. Furthermore, additional

mechanisms for how host migration and infection interact such as migratory recovery or migratory
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stalling (i.e. interrupted migration due to parasite-induced costs; Peacock et al. 2018) could be
included in future models to explore how changes to infection accumulation curves impact migratory
behaviors. Third, one could ask different but related questions. For example, while we focused on
dynamics during a single year, future work could extend this model to explore how migration timing
plays out across multiple years, especially if parasite abundance in the environment or host tolerance to
infection varies from year to year (Marcogliese 2016, McNew et al. 2019). Furthermore, one could
explore how organisms obtain the information used to make their migratory decisions. For example, what
is the optimal piece of information needed to inform migratory timing decisions? One could also ask how
much certainty hosts should acquire about environment B before deciding to migrate there. Alternatively,
it might be interesting to investigate whether there are cases where environment A is so costly in terms of
infection that hosts should always migrate to environment B regardless of the conditions there. Future
work along these three different avenues would improve our ability to understand and predict the

consequences of altered migration behavior under ongoing anthropogenic changes.
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Environment A
parasite A)

602

604  Figure S1. Hosts spend the first part of the year (of length 1) in Environment A where they can potentially
accumulate Parasite A. Hosts then migrate to Environment B for the remainder of the year (1 — 1), where
606 they potentially accumulate Parasite B. The model determines what the best (optimal) value of 1 is.
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Figure S2. Infection intensity over time for hosts that spend all of their time in environment A (blue solid

lines), all of their time in environment B (purple solid lines), or use the optimal migration strategy (black

dashed lines), for §, = 0.8 and three different sets of B parasite accumulation parameters: (A) &g = 0.1, (b)
= 07, and (C) 6 = 1.4.
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Figure S3. How bad is leaving environment A early versus leaving environment A late from an infection
perspective? The cost (in terms of increased infection intensity) of migrating (A) 10% of the year too
early, Dg(0.1) or (B) 10% of the year too late D;(0.1), compared to migrating with optimal (t") as a
function of the infection accumulation parameter for parasite A (x-axis, §) and parasite B (y-axis, 8g),
ranging from O to 2.5 in 0.1 increments. Gray represents cases where there are multiple optional
strategies. See Figure 4 with a 5% error for comparison.
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632  Figure S4. The cost (in terms of increased infection intensity; y-axis) of migrating at a different time (t; x-
axis) than the optimal T~ (the lowest point of each graph) as a function of the infection accumulation
634  parameter for parasite A (horizontally across panels, §,) and parasite B (vertically across panels, 6g).
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638  Figure S5. Examples of a parasite accumulation functions that is (a) concave (saturating) and (b) convex
(accelerating), In each panel the blue line shows the parasite accumulation function, the black dots show
640 infection intensity resulting from a non-migrating strategy (with the dashed line showing the average

between the two), and the red dot shows the infection intensity resulting from a migratory strategy with
642 1=0.5.
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Table S1. Model parameters — their notation, meaning, and values considered.

compared to a host migrating with T° [eqn. 6]

Notation Meaning Possible value(s)

T Fraction of the year spent in environment A (breeding) 0<t<1

T Optimal value of t 0<t<1

Oa Accumulation parameter for parasite A 0.1<6,4<25

Op Accumulation parameter for parasite B 0.1<6s <25

Ia Infection intensity for parasite A [eqn. 1] 0<I <1

Iy Infection intensity for parasite B [eqn. 2] 0<Ig<1

I Total infection intensity (both parasites summed) for an 0<[; <2
individual using strategy t [eqn. 3]

L Minimal value of I (the one corresponding to t°) 0<L'<1

Dr Difference in infection intensity for a resident (non- 0<Dr<1
migrating host) compared to a host migrating with t° [eqn.
4]

€ Error in migration timing of hosts (in terms of proportion of | 0.05, 0.1
the year)

De(x) Difference in infection intensity for host migrating € early |0 < Dg(x) <1
compared to a host migrating with t° [eqn. 5]

Di(x) Difference in infection intensity for host migrating € late 0<Di(x)<1




