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— and accompanying rapid northerly wintering range expansion — could be explained
by the reversal of each individual’s population-specific traditional southwards migra-
tory direction. We found that northwards autumn migrants were recovered closer to
the sites specified by an axis reversal than would be expected by chance, consistent with
the rapid evolution of new migratory routes via bi-axial variation in orientation. We
suggest that the surprisingly high probability of axis reversal might explain why birds
expand their wintering ranges rapidly and divergently, and propose that understanding
how migratory direction is encoded is crucial when characterising the genetic compo-
nent underlying migration.
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Introduction

The ontogeny of long-distance avian migration is a central question in mod-
ern bioscience, requiring that cognition, physiology, behaviour and biomechan-
ics come together in order to orchestrate organised movement towards a specific

NORDIC SOCIETY OIKOS © 2024 The Authors. Journal of Avian Biology published by John Wiley & Sons Ltd on behalf of

) ] Nordic Society Oikos
WWW.aVIaanO|Ogy.0rg This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited. Page 1 of 10


https://doi.org/10.1111/jav.03196
http://orcid.org/0000-0002-5552-6435
https://orcid.org/0000-0003-1579-9444
http://orcid.org/0000-0002-7355-6005
https://orcid.org/0000-0002-8372-8560
mailto:joseph.wynn@ifv-vogelwarte.de
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjav.03196&domain=pdf&date_stamp=2024-07-09

goal. Long-distance movement can be guided by informa-
tion from several sources, all of which will interact with
the environment to produce the observed phenotype.
The relative contributions of — and (possible) interactions
between — these sources will necessarily dictate the extent
to which individuals and populations react to changes in
the distribution of resources through time. In turn, these
information sources that guide migratory behaviour are
likely species-specific, and optimised for a specific migra-
tory strategy. In some flocking and day-migratory species,
information inherited culturally (via social learning from
experienced conspecifics) explains much of the variation in
route selection (Chernetsov et al. 2004, Mueller et al. 2013,
Byholm et al. 2022), whilst in dispersive migrants associa-
tive (trial-and-error) learning is seemingly also important
(Guilford et al. 2011). Asocial learning is also thought to
play an important role in return migration, with ‘imprint-
ing’ (often to a spatially informative gradient cue) specifi-
cally thought to underpin return migration to a precise
breeding location (‘philopatry’; Wynn etal. 2020a, b, 2022).
Another core component of the migratory system, at least
in some night-migratory, asocial taxa, is the genetic inheri-
tance of migratory information. Evidence gathered over the
past half-century suggests that the contribution of genetic
information to migratory direction, especially in songbirds,
can be substantial, with this evidence stemming from five
main sources: 1) a large heritable component to migratory
behaviour, even in hand-raised birds that have been reared
isolated from their parents (Berthold and Querner 1981,
Biebach 1983, Pulido et al. 2001); 2) the endogenous con-
trol of migratory behaviour in the absence of seasonal-spe-
cific cues (such as changes in photoperiod; Gwinner 1986);
3) the innate orientation of naive birds without prior expe-
rience in the absence of adult conspecifics (Gwinner 1986,
Zolotareva et al. 2021, Wynn et al. 2023); 4) the divergent
trajectories of some fledglings when compared to conspecific
adults (and apparently all other sympatric migratory taxa;
Handel and Gill 2010, Lindstréom et al. 2011, Yoda et al.
2017); and e) the inheritance patterns of migratory traits both
in the lab and in the wild (Helbig 1991, Sokolovskis et al.
2023). Taken together, these lines of evidence provide strong
support that — at least in some taxa, such as songbirds —
migratory direction in part is genetically determined.
Inherited directional information in birds is typically,
though not universally (Thorup et al. 2020), assumed to
comprise ‘clock and compass’ vector orientation: a compass
to determine direction, and a clock to determine when to
start and when to end migration (Berthold et al. 2013).
This hypothesis is supported by experimental and obser-
vational studies, with naive birds on their first migratory
journey not being able to compensate for displacement
from the conventional migratory trajectory (Perdeck 1958,
Thorup et al. 2007) and following straight-line courses that
accumulate error over time, consistent with vector naviga-
tion (Mouritsen and Mouritsen 2000, Yoda et al. 2017,
Wynn et al. 2021). Cross-breeding experiments between
individuals with different migratory routes suggest that
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additive genetic variance might inform migratory direction,
with the crossbred progeny of birds with distinct migratory
directions following trajectories that seemingly represent
intermediate directions (Helbig 1991, Delmore and Irwin
2014). Recent studies have, however, implicated a system of
dominance in migratory route inheritance, possibly to avoid
intermediate phenotypes (Sokolovskis et al. 2023), suggest-
ing that different encoding mechanisms might predominate
in different species.

Neither system, however, apparently accounts for the
occurrence of highly divergent migratory directions. For
example, Eurasian blackcaps have been observed to migrate
north in the autumn with increasing regularity since the
1960s, with this shift in migratory strategy linked to both a
changing climate and the increased availability of artificially
provided food (Berthold et al. 1992, Bearhop et al. 2005,
Plummer et al. 2015, Van Doren et al. 2021). Blackcaps
typically migrate either south-east or south-west to winter
in North Africa/southern Europe (Delmore et al. 2020a, b).
Some birds from northerly breeding populations also exhibit
longer distance, trans-Saharan movements (Bakken et al.
2003, Hall-Karlsson and Fransson 2008), meaning that
recent northwards migrations have led to the establishment
of a new wintering ground in the British Isles (Fig. 1) that
is apparently discontinuous with the species’ historic winter-
ing sites utilised by individuals following other orientation
strategies. North-migrating blackcaps seemingly breed in
sympatry with south-migrating conspecifics (Delmore et al.
2020a, b), and hence it is difficult to reconcile such divergent
migratory trajectories with classically considered Mendelian
mechanisms (Tautz et al. 2020). Assortative mating based
on migratory destination has been suggested (Bearhop et al.
2005), and whilst this might explain how divergent routes
are maintained within a population, it would not necessarily
explain how they evolve in the first place.

It has been speculated that vagrant songbirds are dispro-
portionately abundant in a direction precisely opposing the
normal migratory direction, though such trends are difficulc
to verify beyond anecdote due to necessarily small sample sizes
and/or biases in the distribution of observers (reviewed by
Lees and Gilroy 2022). Specifically, birds of multiple taxa have
been observed to orient in a ‘reverse’ migratory direction — a
direction diametrically opposed to the population-expected
migratory direction — using ringing recoveries (Busse 1992),
via observations of free-flying birds (Busse 1992, Akesson
1993, Akesson et al. 1996), via radar traces (Komenda-
Zechnder et al. 2002) and in laboratory experimentation
(Thorup 1998, Ozarowska et al. 2013). These observations
suggest that migratory orientation in a ‘reversed’ direction is
surprisingly common, and that this seemingly occurs without
routes intermediate between the conventional and reversed
routes being especially common. Whilst it is unclear what
would cause markedly bi-axial variation in migratory popula-
tions, and indeed whether such variation would be heritable,
the concept of ‘reverse migration” could nonetheless provide
a mechanism by which highly divergent migratory routes
evolve and persist within sympatric populations. It is, then,
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Figure 1. The wintering range expansion of the Eurasian blackcap. (left) The wintering position of blackcaps that have been caught on the
breeding ground and subsequently recovered over the winter. Squares indicate wintering position and are coloured by migratory direction
with northwards migrants highlighted in yellow and southwards migrants highlighted in red. (right) A histogram of blackcap ringing effort,
coloured by migratory direction (as in left) in autumn. The y-axis refers to the frequency of birds ringed at the breeding site and recovered
> 500 km away (see Methods for further detail). Whilst ringing effort has increased steadily over time, the occurrence of northwards move-

ment is a relatively recent phenomenon.

of interest whether 1) divergent migratory routes are quanti-
fiably consistent with bi-axial variation in orientation and 2)
if so, what might explain such variation.

Reverse migration has been suggested to underlie recent
changes in the wintering range of blackcaps (Busse 1992,
Fransson and Stolt 1993, Bengtsson et al. 2009), though
it is unclear whether northwards migration might instead
represent the furthest extent of a surprisingly wide distribu-
tion of migratory directions during autumn (Berthold and
Terrill 1988). Testing this requires a statistical approach
that takes the heterogeneous distribution of suitable habitat
and observers into account. Here, we used ringing recover-
ies collected over the last half-century (1962-2020; n=78)
alongside geolocator positions gathered in the years 2016—
2020 (n=33) to investigate whether northwards migration
by Eurasian blackcaps is likely to represent a reversal of the
population expected migratory direction. Blackcaps have
two well-documented southwards migratory strategies, with
birds from western Europe migrating south-west and birds
breeding in eastern Europe migrating south-east in autumn
(Delmore et al. 2020a, b). Therefore, under a theory of bi-
axial orientation, we might expect that north-migrating birds
from south-east Europe might migrate north-west and, con-
versely, north-migrating birds from south-west Europe might
migrate north-east.

Material and methods
Selecting ringing records

Ringing data were derived from the European Union for Bird
Ringing (EURING, https://euring.org/) based on a query for
all Eurasian blackcaps ringed and subsequently recovered.
Given the spatiotemporal biases associated with ‘citizen sci-
ence’ data, and the sensitivity of any analysis of migratory
direction to these biases, it is key to subset ringing data to
include only instances in which the same bird is caught dur-
ing both the breeding and the non-breeding periods. From
these birds, we can then select individuals where the non-
breeding position is located north of the breeding site. In pre-
vious studies that utilise ringing records to study navigation,
the problem of how to categorise birds as breeding was solved
by exhaustively subsetting the data using different criteria to
ensure that the method of subsetting did not drive the results
(Paradis et al. 1998, Wynn et al. 2022). Here, however, we
sought to improve upon this method further by including
phenotypic markers of breeding and migration to ensure that
birds recaptured on migration (rather than breeding/non-
breeding ground) were effectively excluded from the analysis.

To remove migrating birds, we sought to ascertain the
point in time at which breeding became far more likely than
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migration. The onset of breeding in blackcaps is character-
ised by the development of both a brood patch in females
and a cloacal protrusion in males, whilst very young black-
caps that have not completed post-juvenile moult prior to
autumn migration (and hence have not left the breeding
site) have a field-identifiable plumage (EURING code ‘3]).
Similarly, birds ringed as chicks in the nest are recorded as
such in EURING. In contrast, migrating blackcaps typically
have a higher fuel load than breeding birds (Svensson 1970),
which manifests as subcutaneous fat. Since both the breed-
ing and migratory phenotypes are distinctly recognisable at
the point of ringing, we first sought to use ringing data to
isolate the time of year at which breeding became more likely
than migrating. We did this by comparing the probability
of occurrence of breeding versus non-breeding phenotypes
at different times of year, defining breeding birds as either
birds ringed as chicks in the nest or free-flying birds with a
cloacal protuberance, brood patch or juvenile plumage, and
migrant birds as having a fat score of > 3 (meaning a high
degree of visible subcutaneous fat) or the equivalent fuel load
of 17.5% as calculated using mass and maximum wing chord
based on established methods (Kelsey et al. 2019). Birds that
satisfied the criteria of neither breeding nor migrating pheno-
type were not included in either distribution, since their life
history stage when captured was unclear.

We divided the map of Europe into a 5° X 5° grid, and for
each grid point we subsetted the overall EURING database
for every bird with a breeding phenotype within 5° of the
grid point in question. We then repeated this process for both
spring and autumn migratory phenotypes. If the sample size
for each of spring migration, breeding and autumn migration
was > 10, we calculated a density curve (bandwidth=10) of
the recorded Julian dates for spring migration, breeding and
autumn migration (Supporting information). The points at
which spring migration density < breeding density (i.e. the
point at which a ringing event was more likely to represent a
breeding bird than a migrant) and the point at which breed-
ing density < autumn migration density (i.e. the point at
which a ringing event was more likely to represent a migrant
bird than a breeding bird) were then isolated for each grid
square. Based on this categorisation, we could identify the
respective dates at which breeding was likely to commence
and end (Supporting information) for all points in Europe
where ringing data were available.

Whilst it would be possible to use the calculated start and
end of breeding from each point in Europe where data exist
to subset our data to include only birds likely to be breed-
ing, we chose not to do this, since 1) this would lead to a
paucity of data from ringing schemes where biometric infor-
mation is not readily reported and 2) migration becoming
less likely than breeding does not exclude migration occur-
ring entirely. As such, we sought to define breeding in our
analysis as either birds recorded with a breeding phenotype as
defined above, or recorded from within a core breeding win-
dow of 15 June-15 July in our analysis. Within this time win-
dow birds from all over Europe were very unlikely to be on
migration (Supporting information), and the window used
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was consistent with the breeding phenology and migratory
timings reported in previous studies (Delmore et al. 2020a,
b). The position of this window relative to overall migratory
and breeding phenology from across Europe is shown in
Supporting information. Only birds that showed northwards
autumn migratory direction and moved > 500 km between
ringing and recovery (n=78) were retained in our main
analysis (Supporting information), to ensure that all move-
ments represented genuine migratory movements, and not
dispersal. We chose 500 km as cut-off distance since almost
all migratory birds tracked with a geolocator travelled more
than 500 km, and including birds moving shorter distances
ran the risk of falsely including birds that did not migrate but
were instead showing dispersive movements in our analysis.
Each individual was represented once, and no bird registered
two trajectories that satisfied our inclusion criteria.

Several birds apparently ringed during the breeding sea-
son in Cyprus and the Middle East were retained by the
above criteria. Whilst we have no reason to remove these
birds from the analysis per se, such records do not tally with
what is currently known about the breeding range of migra-
tory blackcaps (Shirihai 1996, Hatzofe and Yom-Tov 2002,
Komenda-Zehnder et al. 2002). This discrepancy might arise
owing to a lack of data to parameterise migratory phenology
in these regions, hence we ran our analyses twice — with and
without these birds included — to ensure that including them
did not bias any results. The results with these birds excluded
is presented in the main text; see Supporting information for
the results with them retained.

In our analysis we also included wintering/breeding posi-
tions as estimated from light-level geolocator (GLS) tracked
blackcaps. When considering geolocator trajectories (n=33),
breeding and wintering positions were ascertained using the
‘geolight’ package (Lisovski and Hahn 2012) using the meth-
ods outlined in Delmore et al. (2020a, b).

Randomisation analyses

For each north-migrating bird we attempted to quantify
how close the bird was recovered to the site expected by an
axis reversal. We did this via a three-stage process, designed
to reduce taking biases in ringing effort into account. First,
to estimate an expected southwards migratory direction
for a population from which a given north-migrating bird
originates, we calculated the (circular) mean southwards
migratory direction taken by the 50 closest southwards
breeding-to-wintering ringing records (see above) to the
focal north-migrating bird (Fig. 2). By adding 180° to this
direction (vector reversal), we could then estimate the north-
wards migratory trajectory expected under an axis-reversal.
Second, by moving the observed distance along this mir-
rored trajectory, we could estimate the site at which a bird
might be expected to be recovered. This we did by selecting
the active ringing site closest to the site predicted by the axis
reversal, so the hypothesised migratory direction took into
account the patchy distribution of ringing effort and suitable
habitat. Third, by measuring the angular deflection observed
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Figure 2. A null model of blackcap northwards migration. (left) An example of how the distances between the expected wintering site and
the observed/null wintering positions vary for a blackcap breeding in south-west Spain (red). (right) Schematic outlining the quantities used
in our statistical analysis: the null migrations generated in our randomisation (light blue, Methods), the observed recovery site (yellow) and
the recovery site expected under a model of bi-axial directional variation (dark blue).

trajectory and this expected trajectory, we could estimate
how well the observed trajectories fit our model/hypothesis.
The smaller the angular deflection between the observed and
expected trajectories, the better the fit of the model.

If bi-axial variation were the only contributing factor to
the northwards movement of blackcaps, we might expect
them to follow the path predicted by axis reversal perfectly.
However, there are presumably other factors that are impor-
tant to consider (habitat suitability, rencounter probabil-
ity, mortality probability, etc.) and hence we would instead
expect them to be closer than expected by chance (rather than
being perfectly aligned). As a consequence, it is key to estab-
lish a realistic null model of northwards migration that does
not directly stem from axis reversal. In such a model we sug-
gest that the northwards movements taken by birds at a given
site should be equal to those actually observed — that is to
say, they are in the same directions, travel the same distances
and are constrained to be recovered at the same sites — but,
ultimately, are random. If the observed birds are closer to
the expected trajectory than the simulated null model birds
are, this would support the idea that northwards movement
of blackcaps is driven by variation in an inherited bi-axial
migratory program.

To create realistic null wintering sites for each bird, we
first assigned a northwards bearing selected at random
(with replacement) from all recorded northwards bearings.
Second, we isolated the site that was the same distance along

the randomly selected bearing as the observed bird moved.
Finally, we then constrained the null recovery site to the near-
est site where a bird was ringed/recovered, so as to ensure that
the null model birds had the same distribution constraints as
real birds. To ensure that differences in ringing effort through
time did not induce biases in the null model that were unre-
flective of real ringing effort, null birds were constrained to
ringing sites that were active within 10 years of the ringing
record for which the null movement was being calculated.
Importantly, ringed birds were also constrained to take ran-
domly selected migratory directions and be recovered at win-
tering sites inherited from other ringed birds and, similarly,
the null trajectories simulated for GLS-tracked birds were
derived from other GLS-tracked birds. This ensured that the
constraints on wintering sites seen in the observed birds were
carried forward into the null model, and that the biases asso-
ciated with a given tracking technology were maintained for
the null model.

We ran our null model 100 000 times, each time calculat-
ing a mean and a median angular deflection from the expected
trajectory. In turn, we compared these to our empirical mean
and median deflection angles. We then calculated the num-
ber of times the null model had a smaller angular deflection
than was observed empirically, and hence calculated a p-value
for both the mean and median observed-versus-expected dis-
tances. All p-values were corrected for the 2-tailed tests per-
formed by multiplying the p-value by 2.
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Analysis of migratory destination

In order to assess whether north-migrating blackcaps ended
their migratory trajectories at a different latitude to south-
migrating conspecifics — consistent with previous studies
(Delmore et al. 2020b) — we used a t-test to compare the
wintering latitude of southerly migrants to the wintering lati-
tude of northerly migrants.

Results

Using our randomisation, we found that blackcaps were
recovered significantly closer to the site predicted by an axis
reversal than would be expected owing to chance. This was
true both when considering the mean (randomisation; p
< 0.001) and median (randomisation; p=0.027) angular
deflections from the course predicted under bi-axial varia-
tion in orientation. The fact that both the mean and median
angular deflections from the expected trajectories were
smaller than would be expected by chance suggests that vari-
ation in migratory direction is consistent with bi-axial ori-
entation, even when biases caused by ringing effort, habitat
distribution and topography are taken into account (Fig. 3).
We further found, consistent with previous studies, that this
bi-axial tendency appears to underpin a marked difference in
wintering latitude (t-test; t=35.9, p < 0.001).

This would imply that 1) bi-axial orientational variance
facilitates wintering range expansion in blackcaps and 2)
given that the pattern is unlikely to reflect the constraints
imposed on blackcaps by topography and habita, this likely
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reflects bi-axial orientation variation in the inherited migra-
tory direction.

Discussion

Using randomisation analyses, we found that north-migrating
blackcaps took migratory bearings closer to those predicted
by a complete axis reversal than would be expected by chance.
Whilst our analyses aim to take into account biases in the
spatial and temporal distribution of ringing effort, we cannot
exclude that our results arise because an unconsidered factor
is skewing blackcap migratory directions towards bimodal-
ity. Nonetheless, given an apparent paucity of unconsidered
a priori factors that might skew ringing records bi-modally —
and the fact our null model was entirely parameterised using
real data — we suggest that genuine bi-modal variation in ori-
entation is the best explanation of the trend at hand. This
would suggest that a surprisingly high probability of bi-axial
orientation may underpin recent migratory responses to a
rapid anthropic environmental alteration.

Any facet of animal behaviour can be questioned both
on its mechanistic basis — ‘how’ has the behaviour occurred
— and also for its adaptive underpinning — ‘why’ it occurs
(Tinbergen 1963, Wynn and Liedvogel 2023). Changes in
migratory behaviour must, therefore, reflect both a change
in the adaptive benefit associated with a given route — in
this instance changes in the climate and in food availabil-
ity (Plummer et al. 2015) — but likely also a change in the
information input into the mechanism that drives migratory
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Figure 3. Axial variation in the migratory routes of Eurasian blackcaps. (left) The breeding (red) and wintering (yellow) sites of north-
migrating blackcaps used in this analysis, with each recovery linked by a grey line between the breeding and non-breeding sites. (right) A
histogram showing the mean angular deflection between null recovery sites and the expected recovery site, with the true observed-to-

expected distance shown as a darker dashed line.
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movement in a given direction (Wynn and Liedvogel 2023).
The exception to this would be exclusively environmental fac-
tors — for example, pure wind drift — though such explana-
tions seem unlikely. This is because a purely environmental
factor-driven explanations would suggest birds act without
agency and float ‘balloon-like’ through their environment,
which we know is not the case given that birds express migra-
tory preferences that can be quantified both in the field and in
the laboratory. Hence, we suggest that changes in migratory
behaviour must be explained by a combination of non-proxi-
mal change in the adaptive advantages of different migratory
strategies — here, provided by anthropic environmental altera-
tion — and also the mechanisms of migration.

As discussed above, the primary information inputs
into the migratory phenotypes are typically considered to
be cultural inheritance (Byholm et al. 2022), asocial learn-
ing (Guilford et al. 2011, Wynn et al. 2020a, b) and genetic
inheritance (Sokolovskis et al. 2023). Consequentially, one
(or multiple) of these sources could in principle drive bi-
axial orientation to be disproportionately common. Over the
course of several studies, blackcaps have been shown to have
a major heritable component to their migratory orientation
behaviour (Helbig 1991, Pulido et al. 2001, Delmore et al.
2020a, b), which supports the idea that the trend reported
here likely reflects genetic evolution. This is further sup-
ported by details of the blackcap life history — they are short-
lived, nocturnal migrants thought to migrate independent of
conspecifics — which makes learning (either from experienced
conspecifics or via trial-and-error) less likely. Further, there is
no clear mechanism by which learning would lead to a pre-
cisely bi-modal pattern of migratory directions. Therefore,
whilst the results presented here do not rule out a change
in migratory destination underpinned by learnt information,
and other hypotheses are undoubtedly possible, we believe
that the trend at hand most conclusively reflects idiosyncra-
sies in the process by which migratory information is geneti-
cally encoded and inherited. We consequently discuss this
concept further below.

If migratory direction were heritable, it would follow that
the patterns of variance observed must somehow reflect the
way in which migratory information is encoded. A domi-
nant pattern of inheritance at a single genetic locus has
recently been shown to apparently explain departures from
the classically considered additive model of genetic varia-
tion in migratory trajectory (Helbig 1991, Sokolovskis et al.
2023). However, neither model of inheritance explains
the bi-axial pattern at hand. Whilst examples of epistasis
— interactions between genes at different loci to produce
deviant phenotypes — are rare in animal behaviour (Godoy-
Herrera et al. 2004, Yamamoto et al. 2009), it is possible
that epistatic interactions produce a rare but predictable
‘reverse’ orientation direction that has become increasingly
common in recent years. Indeed, a polygenic basis and/or
epistatic interactions between genes at different loci could
explain how extremely divergent migratory directions might
arise extremely rapidly, since this would allow for diver-
gent phenotypes to not depend on novel mutations/genetic

variants, but arise instead from standing genomic variation
(Barrett and Schluter 2008). Epistatic interactions could
involve the ‘clock’ used to determine migratory timing — as
has been speculated to underpin the remarkable reversal of
migratory direction/phenology described in cliff swallows
Petrochelidon pyrrhonota and barn swallows Hirundo rus-
tica in the Americas (Winkler et al. 2017, Areta et al. 2021,
Helm and Muheim 2021) — though if this were the case in
blackcaps, we might expect a reversal of breeding phenology
also. Hence, it is perhaps more likely that axis reversal or
bi-axial orientation instead reflects the mechanism by which
orientation information is encoded.

To discuss precisely how directional information might
be encoded such that bi-axial directional variation occurs is
speculative. Nonetheless, it is possible that these divergent
migratory routes reflect the axial encoding of direction,
with birds storing the autumn migratory route as an axis of
direction alongside a preference for a given pole of that axis
(Wynn et al. 2022). This is an idea supported by the fact that
songbirds apparently inherit both an autumn and a spring
migratory direction (Zolotareva et al. 2021, Wynn et al.
2023). We might even suggest that the sensory and cognitive
basis of avian compass orientation — where magnetic and star
compass orientation is conducted relative to the pole/equa-
tor (and thus is symmetrical in both directions) rather than
north/south (i.e. directional) — makes this two-step process
(and in turn bi-axial orientation more generally) surprisingly
plausible (Emlen 1967a, b, Wiltschko and Wiltschko 1972,
Helm and Muheim 2021).

Irrespective of the underlying mechanism, understand-
ing that migratory variance might vary bi-axially has two
implications for our understanding of migratory ecology
going forward. First, understanding the causes of bi-axiality
in migratory direction is of some importance when investi-
gating which gene(s) or regulatory region(s) is/are respon-
sible for determining migratory direction. Recent advances
in the affordability and resolution of biologging and genetic
sequencing technology make genome-wide associations with
migratory phenotype possible (Delmore et al. 2016, 2020a,
b, 2023, Toews et al. 2019, Sokolovskis et al. 2023), and
if such techniques were applied to migratory direction it is
key that the mechanism by which directional information
is encoded is understood fully. Without a complete under-
standing of how direction varies, and is in turn encoded, such
analyses might fail to capture variance in migratory direction
correctly, and hence lead to the erroneous association/disas-
sociation of loci with directional traits.

Second, understanding the probability with which a given
migratory route in one particular species is generated is key
to understanding how and why migratory routes evolve in
response to environmental change. If certain migratory
phenotypes are unexpectedly common, then it would fol-
low that — should conditions on these routes change — then
increases in their use might be expected. This could in turn
explain why birds from the eastern Palearctic — with a typi-
cal south-easterly migratory autumn direction — are becom-
ing increasingly common in north-west Europe (Perea 2019,
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Dufour et al. 2021). Understanding the interaction between
ecological change and the mechanisms of migratory inheri-
tance is, therefore, key to understanding some perhaps unan-
ticipated consequences of global anthropic change.

Whilst it is necessarily difficult to draw conclusions based
solely upon correlative analyses, we nonetheless believe our
results inform upon both 1) the mechanisms by which migra-
tory directions are encoded and 2) how future studies into
the genetic correlates of migration direction might be con-
ducted. Further, our results might be of utility when consid-
ered within the context of recent environmental shifts (e.g.
changes in land use, climate and human activity). Therefore,
we suggest that further studies utilising historic ringing
recoveries or tracking data could be of considerable interest
when considering how long-term ecological changes might
interact with the mechanisms governing migratory direction
to produce novel migratory routes.
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