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Across a range of organisms, related species or even
populations of the same species exhibit strikingly differ-
ent scales and patterns of movement. A significant pro-
portion of the phenotypic variance in migratory traits is
genetic, but the genes involved in shaping these phe-
notypes are still unknown. Although recent achieve-
ments in genomics will evolve migratory genetics
research from a phenotypic to a molecular approach,
fully sequenced and annotated genomes of migratory
species are still lacking. Consequently, many of the
genes involved in migration are unavailable as candi-
dates. Migration is central to the life-history adaptations
of many animals. Here, we review current understanding
of the genetic architecture of migratory traits and dis-
cuss the significant implications this will have for other
areas of biology, including population responses to cli-
mate change, speciation and conservation manage-
ment.

Migration and genetics

Migration (Box 1) is ubiquitous and enables animals to
escape from deteriorating environmental conditions to
exploit seasonally favourable habitats. This complex phe-
nomenon includes a suite of morphological, sensory and
physiologically adaptive traits that are inherited as com-
ponents of a ‘migratory gene package’ (see Glossary; [1,2]),
sometimes also discussed in terms of a syndrome
(e.g. [3,4]).

Quantitative genetic analyses enable the assessment of
heritabilities. Studies of migratory traits have revealed
considerable additive genetic variation for single traits
(e.g. [5]). Because migration includes a suite of traits, it
is also necessary to know the genetic covariation between
traits (owing to pleiotropy or linkage) to understand how
selection will shape the evolutionary trajectories, as has
been shown for other co-adapted traits (reviewed in [6]).
Hence, selection of the migratory phenotype will ultimate-
ly cause indirect selection on correlated traits and poten-
tially also on traits that have consequences beyond the
migratory episode. For example, timing of migration might
affect timing of reproduction, emphasising that the field of
migration genetics can contribute to the understanding of
other life-history events throughout the annual cycle (e.g.
breeding biology or physiological adaptations, such as body
fat deposition and moult). To achieve insights into the
genetic architecture of movement or to understand to what
extent the migratory gene package shares similarities
between species at different phylogenetic scales, the dem-
onstration of the presence of overall genetic variation is not
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enough. For such comparative analyses, the genes behind
the different components need to be identified.

Given the ground-breaking technological achievements
in genomics, it might now be possible to address these
questions in migratory non-model species. Here, we outline
how insight into the genetic architecture of migration (i.e.
the genetic characterisation of migratory phenotypes) will

Glossary

Candidate gene approach: candidate genes influence the expression of one
focal phenotype in one or several (model) organisms and are thus potentially
influencing a similar phenotype in other organisms. Candidate trait loci are
evaluated based on sequence differences (SNPs, insertion or deletion) between
individuals with different phenotypes.

Emlen funnel: orientation cages named after their inventors [65]; they are the
traditional tool for analysing orientation behaviour in birds. Using this general
principle, migratory direction can be quantified in many ways, both analogue or
digitally. The funnel-shaped cage is usually covered with soft pigment paper,
enabling scratch marks to be recorded and, therefore, the activity level and
migratory direction of the bird to be quantified.

Genome-wide association scans (GWAS): make use of next-generation se-
quencing technology. This approach enables the entire genome of a large
number of phenotypically characterised individuals to be screened to establish
associations between genotype and phenotype.

Heritability: the proportion of phenotypic variation within populations
explained by additive genetic variation.

Hybrid zone: a contact zone between populations with distinct (migratory)
phenotypes. Hybrid zones (and migratory divides) are well-suited scenarios
to study processes involved in adaptive divergence and reproductive isolation
along ecological gradients.

Linkage disequilibrium: non-random association between alleles at different
loci, which might be linked or unlinked.

Migratory divide: the boundary between two adjacent migratory populations
with different migratory direction. The divide can be marked by a physical
feature, such as a mountain range.

Migratory gene package: in addition to directional information, the gene pack-
age also includes genes controlling physiological adaptations necessary for a
successful migratory journey, such as timing of migration, body fat deposition
and moult [2,72-74]. The length of the migratory route appears to be encoded by
the circannual clock of the bird [26].

Migratory restlessness (‘Zugunruhe’): characteristic behaviour of caged migra-
tory passerines during the migratory period [75]. The birds sit on the perch, flap
their wings and try to fly or jump into the side of the cage, pointing in the
direction that corresponds to the migratory direction chosen by free-flying
conspecifics. In night-migratory birds, the timing and amount of migratory
restlessness activity can be easily distinguished from other behaviours, as it
occurs only during the migratory period [58].

RNAi: a molecular technique used to decrease the expression of a target gene by
disabling the transcribed mRNA via RNA-mediated interference of small frag-
ments of double-stranded RNA whose sequence matches the transcribed
sequence of a gene.

RNAseq: highly accurate and efficient approach for transcriptome profiling and
characterisation using next-generation sequencing technology.

Selection experiments: experiments in which individuals are selectively mated
according to their phenotype (here: migratory status). That is, migrants are
mated with migrants and non-migrants with non-migrants for several genera-
tions (e.g. [9]). In cross-breeding experiments, migrants are selectively mated
with non-migrants, providing some insight into the mode of inheritance of
distinct traits (i.e. migratory direction and propensity to migrate).

Zinc-finger nucleases: a class of artificial DNA binding proteins that allow
targeted genome manipulation (i.e. gene deletion or insertion) at specified
locations via double-strand breaks in the DNA sequence.
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Box 1. Varieties and patterns of animal movement
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Movement patterns vary in distance directionality and function. Given
this complexity, it is essential to define carefully what we mean here
by ‘movement’, and distinguish between different mechanisms,
patterns and processes to understand the cause and effect of each
movement phenotype (based on [4,11]).

Dispersal

Dispersal is defined as the spreading of individuals away from each
other (permanently, not including a return). Clobert et al. [11]
distinguish between natal dispersal (i.e. offspring movement away
from their parents and breeding site), and breeding dispersal (i.e.
movement between successive breeding sites). Dispersal deter-
mines the range over which genetic mixing occurs and, thus, the
degree of homogeneity and inbreeding in one population. From an
individual point of view, dispersal is a movement from birth to
breeding sites (or between different breeding sites), and its direction
can rarely be predicted. Animal dispersal can further involve
active exploring of different locations before choosing the most
favoured one.

Migration

Migration is defined as the directional movement of individuals of
one species between distinct locations. The timescale on which
these movement cycles occur can span hours, days, months or years,
or it can be multigenerational. Migration requires a spatiotemporal

improve understanding of not only the process itself, but
also its evolutionary potential.

When is movement migration?

Migration is a characteristic movement behaviour that not
only follows specific routes and timing schedules, but also
requires remarkable navigation abilities [2]. Based on
quantitative genetics analyses in several insect, fish and
bird species, it is well established that a significant pro-
portion of phenotypic variance in migratory traits has a
genetic basis. Cross-breeding and selection studies on
blackcaps Sylvia atricapilla (Figure 1lcii) have further
shown that migratory traits are under strong selection
and can change within a few generations [7-10]. However,
migration is only one of many types of movement (Box 1);
therefore, we also discuss its relation to the genetics of
other movement phenotypes, particularly dispersal.

Genetics of dispersal

Dispersal is reported mainly as being condition dependent
with no or low heritability; however, despite its impor-
tance, it remains a poorly understood behaviour. Dispersal
determines the range over which genetic mixing occurs
and, therefore, the degree of homogeneity and inbreeding
in a population. The decision to disperse is often triggered
by environmental and social (rather than genetic) factors
and the dispersal phenotype might be strongly shaped by
environmental influences during early stages of develop-
ment (reviewed in [11]). In contrast to primarily environ-
mental and social triggers, several field and selection
studies of wing-dimorphic insects [12], plus field studies
in some birds [13,14], report high heritabilities of dispersal
traits. The ongoing controversy about the presence or
absence of a (general) heritable component of dispersal
traits is probably at least partly to the result of logistical
and methodological challenges; in some studies, both the
temporal and spatial scales of the experimental design
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orientation programme, enabling the animal to return to the same
area on a regular (mostly annual) basis.

Station keeping (sedentarism)

Here, ‘sedentarism’ is defined as the non-migratory phenotype.
During the non-migratory period, the home range or ‘centre of
activity’ of the animal can include daily movement (e.g. foraging and
roosting trips, or mate attraction).

Dispersal and migration are similar in that both of them are
movement behaviours, and the subset of traits comprising these
complex behaviours might overlap to a certain degree (i.e. morpholo-
gical and physiological adaptations to move per se). However, the
selection forces shaping both phenomena appear to be quite different:
selection pressures shaping the dispersal phenotype are more likely to
be driven by social aspects, whereas resource competition might be
more important for migration. For example, if distances covered by a
short-distance migrant and by a dispersing animal are similar in
dimension, the breeding area for the disperser is determined exactly by
the phenotype, whereas the short-distance migrant can have lower site
fidelity and, thus, the exact breeding location is not necessarily a
consequence of the migratory phenotype. We therefore believe that the
selective pressures shaping the phenotype should be different,
although dispersal patterns in migratory species might be influenced
by their migration routes (perhaps owing to the partly overlapping
traits involved in both complexes) [76].

might have been insufficient to enable a heritable compo-
nent to be detected [14].

Natal dispersal distance appears to be linked with
exploratory behaviour, which has been shown to have a
genetic basis in great tits Parus major [15]. Furthermore,
an association between exploratory behaviour and a poly-
morphism in the gene encoding dopamine receptor D4
(DRD4, GenBank accession numbers: DQ006801.1,
DQO006802.1) has been found for at least one great tit
population [16,17], suggesting a candidate gene for varia-
tion in animal movements at a basic level. Similarly, an
association between the gene encoding phosphoglucose
isomerase (Pgi) and variation in dispersal and flight en-
durance in Glanville fritillary butterflies Melitaea cinxia, a
model species in studies of metapopulation ecology (e.g.
[18,19]), has been reported [20]. To what extent migration
might be governed by similar genes associated with move-
ment at shorter distances, is still an open question and the
only test so far was negative. The DRD4 gene was recently
tested in blackcaps (HM196845), ‘the’ model species in bird
migration genetics (Box 2, Figure 1cii,v,vi), but no associa-
tion with either migratory distance or restlessness behav-
iour was found [21].

From phenotypic to molecular approaches

To understand the apparent ‘package’ response of migra-
tory traits, it is necessary to establish which genes are
responsible for the variable expression of specific traits.
Three fundamental and challenging questions are: (i) how
many genes are involved in modulating migratory strate-
gies? (i1) What is the relative role of structural protein-
coding genes and regulatory elements? And, (iii) (how) does
the expression of these genes interact with environmental
factors? In the context of migration genomics, these ques-
tions can best be addressed in species exhibiting a variety
of migratory phenotypes, such as the blackcap. This
species thus provides an ideal opportunity to study
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Figure 1. Useful model organisms with which to study the genetics of migration in different taxa. (a) Monarch butterfly Danaus plexippus. Eastern North American
monarch butterflies migrate south during the fall migration (red arrows east of the Rocky Mountains). Their long-distance migratory route leads to a focal destination in
central Mexico (yellow oval). The monarch butterfly population west of the Rocky Mountains undergoes a shorter fall migration, overwintering in roosts along the Pacific
Coast (red arrows west of the Rocky Mountains). Because of the distances travelled and the nature of the focal stopping point, most navigational and genetic research
focuses on the eastern North American migration. (b) Chinook salmon Oncorhynchus tshawytscha. Variation in run timing of Chinook salmon populations across a
transect from the southern end of the range of the species north to southeast Alaska. (¢) Two migratory birds with populations exhibiting various migratory strategies:
(i) European blackcap Sylvia atricapilla and (ii) willow warbler Phylloscopus trochilus. (iii) Variation in phenotypic traits (body size and stable isotope 8'°N values), and
allele frequency for amplified fragment length polymorphism (AFLP)-WW?2, a genetic marker for migratory direction in the willow warbler, around the Baltic along three
segments: southern Sweden to northwestern Norway (orange); northwestern Norway to Lithuania (blue) and eastern Poland to Denmark (grey). (iv) AFLP profile of two
willow warbler subspecies (P.t. acredula and P.t. trochilus); (v) Variation in migratory behaviour between six closely related species of Sylvia warblers. Unbroken black
branches indicate long-distance migrants, unbroken grey branches indicate resident species; the broken grey branch mirrors the highly variable migratory phenotype in
blackcaps. (vi) Schematic representation of within-species variation of migratory strategies and routes in blackcaps. Key: FM, fully migratory; PM, partially migratory; R,
residents; main migratory routes are represented as arrows; broken lines show outer limits of the breeding range, hatched areas mark the wintering grounds.
Reproduced, with permission, from [52] (a), Lynn Ketchum (b; photo); Gernot Segelbacher (ci, ii); and [34] (civ); modified with permission from [77] (b); [38] (ciii); [3]
(cv) and [1] (cvi).
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Box 2. Migratory model species
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To apply the toolset of genomics successfully to any particular question
in migration genetics research, it is key to select carefully both the most
suitable study species and the optimal experimental design.

Phenotype quantification

For all studies on the genetics of migration, it is crucial to
characterise, quantify and control the focal migratory trait accurately
(i.e. propensity to migrate, direction or timing parameters). To study
the propensity to migrate, species such as blackcaps with different
populations exhibiting a broad repertoire of migratory strategies (i.e.
sedentary and migratory populations) are useful models (Figure 1cvi).
Furthermore, in blackcaps, migratory restlessness activity can be
used as a proxy for the migratory activity per se. Timing (onset and
duration) and amount of migratory restlessness movement is easy to
quantify under controlled conditions. Migratory direction in small
passerines is more difficult to quantify with the necessary accuracy on
an individual level, but future advances in tracking technology are
likely to provide the opportunity to track the migratory route of
migratory passerines more precisely.

Comparative genomics
For comparative genetics and/or genomics approaches, it is essential
that closely related species or different populations of the model
species express a diversity of migration patterns. Ideal model groups
of species for this purpose are those with complex phylogenetic
patterns in the presence and absence of migratory behaviour (i.e.
populations exhibiting diverse spectra of migratory strategies).
Pacific Northwest salmon are a suitable model genus to study
spatiotemporal aspects of migration. The economic value and, thus,
the interest in monitoring programmes provide an additional pool of
excellent phenotypic information (namely, the availability of ad-
vanced tracking data characterising intra- and interspecies spatial
orientation and temporal return patterns within this genus) to study
movement patterns and overall spatial distribution.

phenotype-specific differences without ‘cross-species
comparative noise’ (Figure 1, Box 2).

To cope with the challenges of migration, migratory
animals have an inherent time schedule [22-29] and,
at the very least, an inherited initial migratory direction
([7-9,30], reviewed in [31]). To find their species- or popu-
lation-specific winter quarters, migrating animals need
to combine this time and spatial information into a
spatiotemporal migration programme (reviewed in [2]).

Until recently, only a few studies had investigated to
what extent differences in migratory traits are reflected in
overall genetic differentiation [e.g. mitochondrial (mt)DNA
or microsatellite markers] between populations. The gener-
al pattern in birds (the taxon with the longest tradition in
migration studies), fishes and insects is that intraspecific
differences in migratory traits either do not or only weakly
correlate with overall genetic differentiation at neutral
markers (e.g. [28,32-36]). Hence, migratory traits appear
to result from selection on relatively few genomic regions or
loci, but these targeted changes can manifest themselves in
dramatic phenotypic effects if they alter the expression
levels or downstream signalling cascades of many genes.

When analyses of mtDNA sequencing or microsatellite
genotyping failed to explain population structures of diver-
gent phenotypes, alternative approaches previously avail-
able included amplified fragment length polymorphism
(AFLP; e.g. [34,37,38]) and candidate gene analyses
(e.g. [21,28,29]). We suggest that the emerging field of
adaptation genomics [39], using whole-genome or tran-
scriptome (re)sequencing of migratory species (Box 2,
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Furthermore, many bird groups (e.g. Sylvia, Phylloscopus and
Dendroica warblers, and wheatears Oenanthe spp. or Catharus spp.)
with a broad range of migratory phenotypes are useful models to
study similarities and differences between closely related species at
different phylogenetic scales using a comparative genomics approach
(Figure 1, main text).

Genotype-phenotype association

To test for the crucial effect of a candidate gene in the focal migratory
phenotype expression, it is necessary to modify the genotype (i.e.
knockout and rescue mutants). Insects are ideal for this purpose; they
have short generation times and are routinely bred in the laboratory
in large numbers. One useful model system is the monarch butterfly.
The migratory cycle in monarch butterflies is multigenerational: all
generations are equipped with the same core genetic material, and
have the prerequisites to migrate. Drosophila as an insect model
species can be used to genetically modify and test the phenotypic
effect of at least some (not monarch specific) candidate genes.
Furthermore, zinc-finger nucleases provide one promising tool for
knocking out candidate migration genes in the monarch to show their
function in shaping the migratory phenotype. The use of RNAi-
mediated post-transcriptional gene silencing is also a possibly useful
technology.

Gene mapping

Traditionally, gene mapping requires pedigree information from wild
populations or captive populations selectively bred to generate a F, or
backcross population, in combination with genetic markers on a
linkage map. Constructing sufficiently large pedigrees or crossbred
captive populations (several hundred to thousand individuals) is both
labour and cost intensive. Genome-wide association scans (GWAS)
are an alternative approach offered by next-generation sequencing
technology that can be used in open populations but typically
requires thousands of individuals.

Figure 1), is likely to revolutionise the field of migratory
genetics and establish a new field of research, that of
migratory genomics.

As an alternative to comparing genotypes of individuals
exhibiting different migratory traits, one can make use of
the fact that, in migratory species, the migratory pheno-
type is only expressed during certain time periods. This
suggests that (at least for birds), once it is possible to
characterise the expression profiles in a blood sample
(e.g. via microarray or RNAseq technologies), researchers
will be able to map (and ultimately manipulate) expression
differences within the same individual over time, which
will keep ‘background noise’ to a minimum.

Comparative analyses of gene expression profiles of
sedentary and migratory individuals of the same popula-
tion (i.e. individuals that are very similar in terms of their
genes but differ in terms of their phenotypes) are an ideal
way of identifying genes and networks of genes within the
migratory gene package [40,41]. This approach is based on
mRNA extracts from different tissues (e.g. brain, eye or
liver) and uses microarray analysis or transcriptome se-
quencing to identify genes that are differentially regulated
between different phenotypic groups. However, the genetic
variation in migratory traits within and between popula-
tions (as demonstrated by quantitative genetics) might not
necessarily be found in the sequences of those differentially
regulated genes, but rather in regulatory elements up-
stream or elsewhere in the genome [42]. Here, we outline
state-of-the-art research currently in progress and discuss
key studies in insects, fishes and birds (Figure 1, Box 2).



Should | stay or should | go? Genes regulating the
propensity to migrate

Most of the current understanding of the genetic basis and
evolutionary aspects of bird migration and migratory traits
is based on classic crossbreeding and selection experiments
on blackcaps (Figure 1c). These results clearly showed that
there is considerable genetic variation in migratory traits
and that they are ‘linked’ (or genetically correlated) and
inherited as components of a migratory gene package [1],
indicating that selection can change suites of traits and
that certain changes can occur very rapidly [5,10,43]. The
results also suggest that many, if not all, birds have the
genetic machinery to migrate and, with appropriate selec-
tion pressure, migratory or sedentary behaviour can domi-
nate within a population. A switch to the alternative
behaviour can occur within a few generations, particularly
in populations that include a continuum of migratory
strategies, thus demonstrating substantial additive
genetic variation for migratory traits [9,10,44-48]. Yet,
how a complex multi-gene adaption such as migration
can repeatedly be lost and gained in the course of evolution
cannot be understood until its genetic architecture has
been disentangled.

A recent study in blackcaps investigated polymor-
phisms in six previously identified candidate genes for
behavioural traits that might be linked to migration. Alle-
lic variation at one candidate locus, the ADCYAPI gene,
significantly correlated with migratory restlessness
(a proxy for migratory activity in night-migratory song-
birds); longer alleles were correlated with higher migratory
activity [21]. This association was found both within and
across populations, which strengthens the result. Howev-
er, linkage disequilibrium can extend for several 100 kb (or
even Mb [49]); thus, further investigation of additional
markers in the chromosomal region is needed to confirm
whether the actual gene involved is ADCYAP]I. To test the
generality of this finding, future studies are needed to
determine whether this locus is also associated with mi-
gratory traits in other passerines.

The migratory cycle of the eastern North American
monarch butterflies Danaus plexippus is exceptional in
the way that it involves successive generations (reviewed
in [50]; Figure 1a). Those individuals migrating south
every fall are thus on their maiden voyage and so migration
must have a genetic basis. Because all butterflies have the
same core genetic material and all generations can migrate
when exposed to the relevant stimuli (which are still not
completely understood), it is possible that epigenetic mech-
anisms are key to triggering the changes in gene expres-
sion or function that underlie the migratory phenotype.
More precisely, there is a genetic basis to the entire migra-
tory process, but the generational differences in phenotype
might be epigenetically regulated. The toolbox available
for the monarch butterfly contains a monarch cell line and
an EST library (from brain tissue) for transcriptional
comparison between migratory and summer monarch but-
terflies; the fully sequenced and annotated monarch ge-
nome will also soon be available (e.g. [41,51]; reviewed in
[52]). Gene expression analyses of migratory and non-
migratory monarch butterflies have identified 40 differen-
tially expressed genes (>60% of which are annotated [41]).
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As for many insect species, another advantage of studying
monarch butterflies is the possible use of Drosophila as a
model for genetic manipulations of the genotype. Ultimate-
ly, the Drosophila model will enable the effect of some
candidate monarch genes on phenotype expression and
regulation to be tested (e.g. magnetosensitive proteins
[52]). The use of zinc-finger nucleases is a promising strat-
egy for targeting candidate genes, not only with respect to
knockout, but also for introducing reporter tags into target
loci within the monarch genome [52]. The authors promote
the transfer of this method to not only other non-model
insects, but also non-model vertebrates. This is a promis-
ing perspective, although the applicability in other study
organisms remains to be tested.

Where do we go? Genes determining direction of
migration

Highly synchronised and directional movement of animals
is a key trait of the migratory phenotype. This is in contrast
to dispersal, where individuals are spreading away from
others, with the direction of each individual being rarely
predictable. Current understanding of the genetic basis of
directional information in birds is based on two types of
experiment: crossbreeding experiments (e.g. [9,53]) and
displacement experiments (e.g. [54,55]). Crossbreeding
experiments of blackcaps suggest that migratory direction
is inherited as one component of a migratory gene package
[1]. Genetically determined migratory direction is suscep-
tible to small evolutionary changes that can be detected on
a population level (i.e. microevolution) [9]. A recent study
on blackcaps further suggests associated morphological
changes (i.e. wing and beak shape) in response to a newly
established migratory route [48].

Not only birds, but also many fish species perform
spectacular seasonal mass migrations. As these mass
movements occur below the ocean surface, most of the
details remain unknown. There is some (indirect) evidence
for a genetic basis of migratory direction from a study on
Atlantic eels. Migratory journeys of American Anguilla
rostrata and European eel Anguilla anguilla start in the
Sargasso Sea, but their migratory routes differ in distance
and direction. America eels migrate towards the North
American coast and European eels follow a slightly longer
northeasterly route toward Europe. By contrast, Icelandic
eels follow an intermediate migratory direction. A recent
study using AFLP as a method to characterise hybrids,
identified a high proportion of Icelandic eels as hybrids,
suggesting an intermediate mode of inheritance of migra-
tory direction [37].

Another avian model organism for migratory research is
the willow warbler Phylloscopus trochilus (Figure 1ci). As
in blackcaps and other species of birds [56], two popula-
tions of willow warbler with different migratory directions
meet and form a so-called ‘migratory divide’ [33-35]. De-
spite strong differences in migratory behaviours and partly
in morphology, there is no apparent genetic difference in
neutral markers across the willow warbler migratory di-
vide [38]. However, two AFLP markers derived from a
whole-genome scan, show significant variation across the
migratory divide in Scandinavia [34], and the allele fre-
quency distribution of one of the identified AFLP markers
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also matches the more gradual change of migratory direc-
tion in Poland [38] (Figure 1ciii,iv). Subsequent character-
isation and mapping of the chromosomal location of this
marker on the willow warbler genome will enable the
gene(s) under selection to be identified.

When? Genes timing migration

In migratory birds, the length of the migratory route
appears to be encoded by the circannual clock of the bird,
which senses changes in photoperiod (day length) and
mediates seasonal behaviours. The period during which
caged migrants show migratory restlessness behaviour is
in accordance with onset, duration and termination of
actual migration in wild conspecifics (e.g. [57,58]). Thus,
migratory restlessness is a good (i.e. easy to quantify)
proxy for migratory activity. The inherited time pro-
gramme equips the birds with information on when to
leave the breeding area, when to stop, and how fast and
in which direction to fly [2,26].

One driving force in recent studies on fish migration has
been the economic value of some species (e.g. many juveniles
are tagged with coded wire tags when released from hatch-
eries, enabling their movement pattern and overall spatial
distribution to be tracked). One model well suited to the
study of the spatiotemporal aspects of fish migration genet-
ics is the Pacific Northwest salmon (Figure 1b) (e.g. [59]).
The genus Oncorhynchus comprises seven different species
showing high variability in both spatial orientation and
temporal return patterns within and among species. How
can genomics help to understand the spatiotemporal aspects
of pacific salmon migration? As in other study species, the
strong phenotypic pattern found in Pacific Northwest salm-
on is not reflected in overall genetic differentiation [36].
However, a candidate gene approach led to the discovery ofa
latitudinal cline in Clock, a central and well molecularly
characterised component of the circadian clock in animals
[28,29]. The identified Clock gene (OtsClock1b, DQ780895)
variation corresponds to the cline in spawning time in the
Chinook salmon Oncorhynchus tshawytscha, which is earli-
er in the north, and demonstrated that day length is a
primary cue for migrating and spawning in these fish
[28,29]. These findings suggest that Clock is involved in
mediating seasonal adaptation and influences geographical
variation in reproductive timing in at least some migratory
salmon species. An earlier study on blue tits Cyanistes
caeruleus also reported a latitudinal cline in Clock gene
(AY376853) variability, which might reflect a general adap-
tation to ecological factors correlated with latitude [60]. This
finding also highlights the potential of how understanding
aspects of the genetic architecture of migratory traits can be
integrated with, and complement research on, other life-
history traits (e.g. timing of breeding biology). Furthermore,
a possible consequence of a connection between timing of
migration and breeding is reproductive isolation between
sympatric populations [61]. In this context, it has been
suggested that migration is a ‘magic trait’ as selection
(directly or indirectly) on migratory timing alone might
result in allochrony, reproductive isolation and eventually
speciation [62,63]. Hence, the field of genetics of migration
might provide important insights into the field of genetics of
speciation.
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Challenges and future perspectives

Studying the genetics of migration is challenging because
migratory behaviours are complex and difficult to clearly
define and manipulate; in addition, migratory species are
non-model organisms for which genetic tools are lacking.
To identify genes and understand the genetic architecture
underlying the variability of migratory phenotypes to draw
evolutionary conclusions, it is crucial to: (i) clearly define,
describe, quantify and distinguish the traits of the focal
phenotype (i.e. direction, migratory restlessness activity or
timing parameters); (i) disentangle genetic and plastic
effects underlying migration; and ultimately (iii) under-
stand fitness consequences associated with the migratory
phenotype. We believe that a highly integrative approach
to study the genetics of migration is imperative [64]. Room
for interaction, exchange of ideas and critical assessment of
methodological approaches and their potential is essential,
particularly in light of the newly emerging research direc-
tion of migratory genetics. One constructive solution to
provide the opportunity for this dialogue is via small meet-
ings, workshops and symposia.

We are convinced that, owing to technical developments
and rapid progress in technology, the genetics of migration
field is already evolving into one of migration genomics.
Thus, genomic resources, such as EST-based microarray
analyses, transcriptome libraries and single nucleotide
polymorphism (SNP) marker sets will soon be (or have
already become) available for migratory species (Box 2,
Figure 1). We also emphasise that it is necessary to focus
on improving and developing accurate methods for scoring
and manipulating the migratory phenotype. Unless clearly
defined and accurately quantified traits are available, full
genome sequences or tissue-specific expression analyses
are unlikely to result in many insights into understanding
the underlying mechanisms or evolutionary potential.
Hence, the field of migratory genetics must move along
both fronts in parallel, combining the resources offered by
next-generation sequencing with cutting-edge technology
to quantify the migratory phenotype.

In addition, all fully annotated genomes that have been
used as references for transcriptome and/or genome anno-
tation of migratory species so far come from non-migratory
animals (e.g. Drosophila and zebra finch Taeniopygia
guttata). Hence, it is unclear whether the genes being
looked for are expressed, functional or even occur in the
model organisms used as default references. Thus, the
genomics of migration with sequenced and in the future
also (fully) annotated genomes for migratory species will
enable researchers to validate the function of the identified
gene candidates.

Quantification of morphological traits is generally
straight forward, but accurate quantification of complex
behavioural traits, such as migratory activity and direc-
tion, is more challenging. The traditional tool for analysing
orientation behaviour in birds is the so-called ‘Emlen
funnel’ [65]. This method enables general differences in
migratory direction between experimental groups to be
assessed, but one can doubt whether this level of accuracy
will be sufficient for precise gene mapping. There is also
significant progress being made in the development of
miniaturised tracking devices [66], and precise tracking



data of the complete migratory path will gradually become
available also for smaller sized migrants.

Currently, much effort is being put into investigating
the movement patterns of many different species. To make
costly satellite tracking data accessible to studies of mi-
gration genetics, which require sample sizes of several
hundred individuals, synchronised activities are required
that focus on several populations of one model species. This
would enable researchers to integrate these data with
whole-genome association studies. A candidate model
species for birds is the osprey Pandion haliaetus, a non-
flocking migrant with a worldwide distribution with vari-
ous migration patterns that has already been demonstrat-
ed to be a good target for satellite tracking (e.g. [67]). Given
that ospreys travel solitarily and fledge more than one
offspring, researchers can make use of full-sib analyses,
preferably after cross-fostering. This would enable genes to
be associated to different components of the migratory
package as retrieved from the tracked migratory path.
In addition, ospreys show high breeding site fidelity; thus,
individuals can be recaptured when necessary (e.g. for
battery replacement). The dimension of such a project is
beyond the scope of what a single research group can cover
and therefore calls for broad collaborative efforts. As track-
ing techniques advance, the number of potential candidate
species will increase, leading to the possibility of such
large-scale projects on passerine birds (e.g. blackcaps or
flycatchers). The massive data set that will be created by
joint efforts will not only be unique in its benefit for
migration genetics, but will also further provide otherwise
inaccessibly high resolution comparative phenotype, ge-
netic and environmental data for other areas of biology
(e.g. breeding biology or conservation management).
Tracking the route and timing of migration of single indi-
viduals and their offspring from several populations over
multiple seasons in combination with genome-wide asso-
ciation scans [39] (Box 2), will ultimately allow researchers
to distinguish whether an observed change in migration is
a phenotypically plastic response to climate change or an
evolutionary response or possibly a combination of both
[68]. This multi-population approach will further allow
researchers to disentangle how and under which circum-
stances timing of migration is constrained by environmen-
tal variables.

Conservation and habitat management strategies will
benefit significantly from a basic understanding of the
genetics of migration. Once genetic components of migra-
tion are identified (e.g. genes determining the timing of
migration), it will be possible to predict which migratory
species might be especially vulnerable to climate change.
This will further enable the assessment of the relative
contributions of plastic and genetic response patterns of
migratory species to global warming, which might differ
both between and within species.

Focusing on both the impact and magnitude of the effect
of environmental variables will be key to understanding
the putative regulatory network of environment and geno-
type interactions shaping the focal phenotype. The expres-
sion of some migratory traits is regulated by external cues,
and differences might also be epigenetic or plastic
responses. Changes in day length can trigger onset of
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migratory restlessness [69], and alterations of the magnet-
ic field have been shown to modulate fuel deposition in
birds [70]. The most dramatic example is probably the
transition to the migratory phenotype in the desert locust
Locusta migratoria, which is triggered by increased sero-
tonin levels owing to social interactions [71]. The ideal
experiment to disentangle genetic and plastic effects would
be to carry out common garden experiments; although this
is a challenging, labour and cost-intense approach, it is one
that could be realised with synchronised efforts, as out-
lined above.

Concluding remarks

We believe that transcriptome characterisation in combina-
tion with gene mapping studies and gene expression profil-
ing will provide the raw material to tackle key questions in
the field of migration genetics outlined and discussed here.
Once differently expressed gene or variable genomic region
candidates have been identified, it will be possible to ascer-
tain how this variation relates to the phenotypes of individ-
uals, and how epigenetic changes contribute to the variation
in migratory traits. Consequently, this will lead to an un-
derstanding of the genetic architecture of complex traits
and, ultimately, the association between variation in the
environment and the genotype of an individual.

Given the variability of migratory phenotypes both at
the individual and the population level, migration is a
useful phenomenon to study genetic architecture as a
function of life-history variation. To make major achieve-
ments in this field, it will be necessary to combine
next-generation sequencing tool sets with cutting edge
technology to quantify the migratory phenotype. We also
want to stress the importance of not analysing the adapta-
tions in migration and their evolutionary change in isola-
tion, but to integrate and complement these with
additional studies on other key life-history adaptation,
such as breeding biology, within the annual cycle.
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