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Climatic and environmental changes are global phenomena, altering every biome, and affecting
nearly every species. At a population level, significant effort has been devoted to identifying
demographic “winners” and “losers” in the face of rapid environmental change (Wiens, 2016).
Armed with information on population status, a major focus in evolutionary ecology has been to
attribute organismal responses to behavioral or physiological processes (i.e., phenotypic plasticity
and flexibility), genotypic change, or some combination thereof (Gienapp et al., 2008). Migratory
species may be especially vulnerable to environmental change because they often have life-history
strategies characterized by low fecundity and high survival, because long distance movement
exposes them to many different types of risk, and because they require patches of habitat separated
by vast distances (Wilcove and Wikelski, 2008). Accordingly, the dramatic environmental changes
that have occurred during the Anthropocene have led to rapid population declines for many
migrants (Lascelles et al., 2014; Pearce-Higgins et al., 2017; Tucker et al., 2018). Nevertheless,
some migratory species have maintained stable population sizes and displayed surprising levels of
phenotypic flexibility (Pedler et al., 2018), phenotypic plasticity (Eichhorn et al., 2009; Verhoeven
et al., 2018), and even evolutionary adaptability (Kovach et al., 2012; Helm et al., 2019). In light
of these organismal responses, significant questions remain about the degree to which migratory
species can adapt to change, both in the short term and across generations (Hebblewhite and
Haydon, 2010; Piersma, 2011).
For our Research Topic on Flexibility in the Migration Strategies of Animals, we invited a
wide array of conceptual, theoretical, and empirical papers. Our intention was to develop a more
complete understanding of the degree of variation in migratory behaviors exhibited by individuals
and populations, so that we could further our ability to project how future environmental change
might affect the population dynamics of migratory species. To conceptually organize our topic
and evaluate the timescales over which individuals and populations can respond to environmental
change, we adopted an ontogenetic approach to the study of migration. An ontogenetic approach
recognizes that traits can have a genetic basis, but argues that different phenotypic traits can have
varying degrees of lability over the course of an individual’s lifespan. For instance, traits can fall
anywhere along a continuum of lability, from traits that are canalized and immutable, to traits
that are plastic but become fixed during specific windows of development (e.g., developmental
plasticity), and those that remain flexible and can be reversibly changed at any life stage
(e.g., phenotypic flexibility; Piersma and Drent, 2003). As a result, environmental change that
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Whereas the models in Morbey and Hedenström treated
migration-related traits as locally adapted features of a migratory
system, Oudman et al. explored finer scale aspects of migratory
decision making. To do so, they used individual-based simulation
models to explore the decision rules that account for Barnacle
Geese (Branta leucopsis) switching among stopover sites in
consecutive years while migrating from non-breeding sites
in continental Europe to arctic breeding sites at Svalbard.
They found that social interactions, combined with flexible
responses to the densities of other geese encountered at stopover
sites, determined an individual’s decision-making process, thus
enabling birds to maximize their fueling rates and expedite their
northward migrations (Tombre et al., 2019).
The density-dependent responses of Barnacle Geese during
migration suggest intriguing flexibility in stopover site use
and indicate that even a population’s migratory route itself
may frequently be in flux. Links between competition and
patterns of migration were also supported by an innovative
network population model developed by Taylor, which showed
that the strength of density-dependent population regulation
during the breeding and non-breeding seasons, along with
natal dispersal, can drive variation in patterns of migratory
connectivity across populations.
This suite of theoretical studies suggests that a population’s
current migratory patterns are a product of a complex array
of factors, and that as ecological drivers of migration undergo
change, so too will the patterns of animal migration. Identifying
such processes in action, though, requires a better understanding
of the amount of inter- and intraspecific variation that exists in
the patterns and behavior of migratory species.

is encountered at different points during an individual’s life
and affecting different traits will potentially have different
consequences for individuals and populations (Senner et al.,
2015). Such an ontogenetic approach is particularly important
when considering migratory species with annual movements that
traverse entire hemispheres and make it difficult to determine
where and when environmental change is having the most
dramatic effect on a population (Norris and Taylor, 2006).
Our Research Topic resulted in a collection of 30 peerreviewed articles that consider a broad range of taxa and a variety
of migratory behaviors, from partial and differential migration
to some of the champions of extreme long-distance migration.
The articles also span a range of topics, from the development
of new theory to the documentation of intra- and interspecific differences in migratory behaviors; the physiological,
ecological, and evolutionary drivers of those patterns; and
the implications of flexible migration for the development of
improved management and conservation actions. Here, we
review the contributions of the articles to four major topics
in migration ecology: Theory, Pattern, Process, and Synthesis
and Applications. By organizing the articles into these four
categories, we highlight how the collection provides an important
framework for the study of animal migration and furthers our
understanding of the potential responses of migratory species to
a changing world.

THEORY
The study of animal migration has a long history in the
theoretical literature of ecology and evolutionary biology, dating
back to early attempts to identify the important physical and
environmental factors that affect the migratory behavior of birds
(Alerstam, 1979). Theoretical investigations remain an active
field and have been used to refine hypotheses about observed
patterns, as well as drive new empirical work. For example,
population dynamic models have been useful for understanding
the cues used by individuals to make their migratory decisions
(Budaev et al., 2019), the degree to which events occurring
during one part of the year may have ramifications for events
occurring in entirely different locations and at different times
of the year (Taylor and Stutchbury, 2016; Taylor, 2017), and the
configuration of events that leads to an optimal organization
of the migratory annual cycle (Schmaljohann and Both, 2017;
Lindström et al., 2019; Pirotta et al., 2019).
New theoretical papers in our Research Topic build upon
these themes and make important contributions to our
understanding of migratory strategies in seasonal environments.
Morbey and Hedenström, for instance, constructed an
optimization model to investigate whether migratory species
should alter their departure timing from non-breeding sites or
the speed of their migration as a means to optimize their arrival
timing at their breeding areas. In general, they found that earlier
departure should be the primary mechanism underlying earlier
arrival timing (e.g., in males vs. females), although as migration
distances become longer, both an earlier departure and faster
migration should be beneficial.
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PATTERNS
The development of miniaturized tracking devices has led to
many remarkable discoveries in migration ecology (McKinnon
and Love, 2018). Relatively few studies, however, have been able
to track enough individuals for long enough periods of time
to characterize the full range of migratory behaviors exhibited
across the lifespan of an individual, among different demographic
groups in a population, or across the entire geographic range
of a species (Both et al., 2016; Finch et al., 2017). Indeed,
while empirical support for the environmental responsiveness
predicted by the modeling studies in our collection is growing,
one of the major contributions of our research topic is to provide
detailed studies of the patterns of migration in a diverse array of
migratory species, including insects (Menz et al.), cartilaginous
and bony fishes in freshwater and marine environments (Eldøy
et al.; Lennox et al.; Tamario et al.; Thorburn et al.), treefrogs
(Borzée et al.), a wide range of birds (Carneiro et al.; Fraser et al.),
and large-bodied ungulates (Berg et al.; Brown and Bolger; Found
and St. Clair).
Our diversity of study subjects makes clear the overwhelming
degree to which migratory behaviors can vary within individuals,
as well as among populations and species. For instance, it is
perhaps not surprising that ecologically and phylogenetically
disparate species might differ in their migratory patterns:
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in juveniles, although the effect differed between studies,
possibly because food limitations were imposed during different
developmental periods (Archer et al.; Shry et al.). Similarly,
in migratory songbirds, the slow development of digestive
physiology results in sub-optimal physiological performance
during an individual’s first southbound journey and may underlie
well-documented age-related differences in migration speed
(McCabe and Guglielmo). Finally, in a migratory shorebird, the
Bar-tailed Godwit (Limosa lapponica), once juveniles have made
their first southward migrations, individuals may explore widely
prior to choosing a non-breeding site to which they will remain
largely faithful over the course of the rest of their lives (Battley
et al.).
The culmination of an individual’s early life experiences
therefore appears to be the development of a specific annual
routine (Campioni et al., 2020). The development of a regular
annual routine often results in surprisingly high repeatability of
migratory behaviors (Carneiro et al.; Eldøy et al.; Grecian et al.;
Verhoeven et al.). Some species, though, do retain significant
flexibility in their migratory behaviors into adulthood, likely in
response to variation in environmental conditions, including
food, weather, predation risk, and competition (Fraser et al.;
Senner et al.). The relative degree to which that flexibility is
then employed to respond to current conditions, as opposed
to environments experienced during the past, appears to differ
depending on the relative severity of the conditions experienced
over those two periods. For instance, individuals may alter
not only the timing of their subsequent migratory movements
(Anderson et al.), but also the length and direction of their
movements in response to current food availability and their
energetic condition (Brown and Bolger; Holberton et al.).
Weather conditions can also play a direct role and drive
movements both during migration (de Zwaan et al.) and the
non-breeding season (McKinnon et al.). Reversible state effects
that result from conditions encountered during previous stages
of an individual’s annual cycle, on the other hand, may be rarer
than once thought and are only likely to occur under specific
circumstances (Gow et al.).
The framework that has emerged from our collection
of empirical studies, then, is that migratory behaviors are
likely determined by a loosely inherited “structure” that can
then be honed during development by interactions between
physiological constraints, social information, and individual
experience, and then repeatedly modified by the environmental
conditions that are experienced during adulthood. Taken
together, results from the different study systems in our Research
Topic suggest that migration may be a system that is more
environmentally responsive and potentially less constrained
than previously thought. Therefore, what steps can be taken
to conserve migratory animals that are exposed to ongoing
environmental change?

Egyptian Vultures (Neophron percnopterus) are soaring birds
that use terrestrial habitats and avoid overwater crossings
(Phipps et al.), whereas extreme migrants such as Upland
Sandpipers (Bartramia longicauda) can make non-stop flights
of up to 7,600 km in 7 days over the ocean and across
mountain ranges (Hill et al.). It is far more intriguing, however,
that two populations of Red-necked Phalaropes (Phalaropus
lobatus) breeding immediately adjacent to each other in northern
Europe migrate not only to different geographic regions, but
different oceans and hemispheres altogether (van Bemmelen
et al.). Intra-specific variation is not limited to the routes
taken by individuals either, but can also include significant
differences in timing between the sexes (Carneiro et al.) or among
different nonbreeding sites or parts of a species’ range (Phipps
et al.; Battley et al.). Similarly, while age-related differences in
migratory behavior are not unexpected, we are learning more
about how juveniles differ from adults in their migration routes,
timing, diet, and physiology (McCabe and Guglielmo; Thorburn
et al.). Growing evidence also indicates that dramatic changes in
migratory timing and space use can occur during adulthood, even
though many species were previously thought to exhibit limited
flexibility in their migratory behaviors (Fraser et al.; Senner et al.).
Most intriguing, though, is the indication that individuals within
populations can vary in the degree to which they show consistent
migratory behaviors from year-to-year (Grecian et al.; Verhoeven
et al.).
These broad-scale patterns of migratory movements therefore
provide additional support for the overarching importance
of ecological context in determining migratory behaviors.
What thus remains is the identification of those factors most
strongly influencing how populations respond to their current
ecological context.

PROCESS
Identifying the specific factors that either constrain or enable
individuals and populations to respond to environmental change
can be exceedingly difficult given the potential for carry-over
effects to connect different life-history stages and geographic
regions (Senner et al., 2015). For example, linkages between the
quality of the non-breeding and breeding habitats used by an
individual can exacerbate the consequences of events in early
life (van de Pol et al., 2006). In addition, the same habitat may
provide different resources for different groups of individuals,
making it difficult to determine the direct connections between
individual performance and the apparent quality of a site (Masero
et al., 2017). As a result, the study of how migratory patterns are
affected by environmental conditions is still in its relative infancy
(Piersma, 2011).
A number of studies in our Research Topic investigated
the complicated relationships between individual ontogeny and
contemporary ecological conditions in the development of
migratory behavior. The general pattern that begins to emerge
from these studies is one where physiological constraints first
interact with inexperience to influence the migratory patterns
of juveniles. Two experimental studies of migratory brown
trout (Salmo trutta), for example, found that natal growth
conditions influence the probability of seaward migration
Frontiers in Ecology and Evolution | www.frontiersin.org

SYNTHESIS AND APPLICATION
The studies included in our Research Topic indicate that many
characteristics of migratory life-history strategies are shared
across a broad range of taxa, including endogenous programs
for photoperiodic control of migratory movements (Åkesson and
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Helm) and a role for food, climate, predation, and competition
in driving variation in migratory behavior (Berg et al.; Menz
et al.). Taken together, these different lines of evidence suggest the
potential for a broadly shared migratory syndrome that results
less from a shared evolutionary history and more from the
common ecological context of breeding in habitats with seasonal
pulses of resource availability (Piersma et al., 2005; Dingle and
Drake, 2007; Winger et al., 2019).
In this context, the key challenge for the conservation
of migrants is that the pace, magnitude, and number of
environmental changes that migrants are facing may outstrip the
natural variation in flexibility that exists within most species.
For example, Tamario et al. reviewed the major threats to
migratory fishes and found that populations can simultaneously
face overharvesting, rising water temperatures, drying rivers,
and increasingly frequent barriers to migratory movements.
Concurrent changes can lead to synergistic interactions, which
multiply the effects of separate threats and overwhelm potential
flexible responses, ultimately impacting population viability and
threatening biodiversity. Growing evidence suggests that the
key to mitigating the consequences of multiple changes lies
in harnessing the significant flexibility that exists in many
migratory species. For example, Found and St. Clair examined
transitions from migration to residency in wild populations of
elk (Cervus canadensis) and found that it was the most flexible
individuals that abandoned migration and created humanwildlife conflicts. The flexibility of individuals, however, was part
of a more complex shy-bold behavioral syndrome that includes
behaviors that can be manipulated through directed management
techniques. Thus, individuals can be specifically targeted to
encourage them to migrate, thereby reducing the potential for
habituation to anthropogenic environments.
We therefore need improved plans for conservation and
management that recognize that migration patterns may not
be static—migration routes can shift, new stopover sites can be
adopted, and the timing of migratory movements can be flexibly
molded to environmental conditions as they are experienced.
As a result, existing networks of protected sites may not be

adequate under future scenarios of environmental change. One
possible approach may be to develop dynamic conservation
plans that provide incentives for private landowners to improve
conditions for migratory animals along their migration route
for short periods of time (Reynolds et al., 2017). Moreover,
conservation plans also need to anticipate future changes in
resource availability, weather, and predation risk that may be
outside the range of environmental conditions for which a
population’s current migration strategies have evolved. Last, the
development and refinement of plans needs horizon scanning
that identifies and prioritizes knowledge gaps for different taxa
of migratory species (Lennox et al.; Tamario et al.). We hope
that the new ideas and discoveries presented in the collection
of papers in our Research Topic on Flexibility in the Migration
Strategies of Animals will stimulate innovative research and that
an improved understanding of organismal flexibility will lead to
effective conservation actions for migratory species in the future.
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