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ABSTRACT

Migrating animals perform astonishing seasonal movements by orienting and navigating over
thousands of kilometres with great precision. Many migratory species use cues from the sun,
stars, landmarks, olfaction and the Earth’s magnetic field for this task. Among vertebrates,
songbirds are the most studied taxon in magnetic-cue-related research. Despite multiple

studies, we still lack a clear understanding of when, where and how magnetic cues affect the
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decision-making process of birds and hence, their realised migratory behaviour in the wild.
This understanding is especially important to interpret the results of laboratory experiments in
an ecologically appropriate way. In this review, we summarise the current findings about the
role of magnetic cues for migratory decisions in songbirds. First, we review the
methodological principles for orientation and navigation research, specifically by comparing
experiments on caged birds with experiments on free-flying birds. While cage experiments
can show the sensory abilities of birds, studies with free-flying birds can characterise the
ecological roles of magnetic cues. Second, we review the migratory stages, from stopover to
endurance flight, in which songbirds use magnetic cues for their migratory decisions and
incorporate this into a novel conceptual framework. While we lack studies examining whether
and when magnetic cues affect orientation or navigation decisions during flight, the role of
magnetic cues during stopover is relatively well studied, but mostly in the laboratory.
Notably, many such studies have produced contradictory results so that understanding the
biological importance of magnetic cues for decisions in free-flying songbirds is not
straightforward. One potential explanation is that reproducibility of magnetic-cue experiments
is low, probably because variability in the behavioural responses of birds among experiments
is high. We are convinced that parts of this variability can be explained by species-specific
and context-dependent reactions of birds to the study conditions and by the bird’s high
flexibility in whether they include magnetic cues in a decision or not. Ultimately, this review
should help researchers in the challenging field of magnetoreception to design experiments
meticulously and interpret results of such studies carefully by considering the migration

ecology of their focal species.

Key words: bird migration, orientation, navigation, geomagnetic map, migration ecology,

magnetoreception, magnetic compass.
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I. INTRODUCTION
Migration is a worldwide and widespread phenomenon in animals, which may travel up to
tens of thousands of kilometres and connect different continents and oceans during their
seasonal movements (Milner-Gulland, Fryxell & Sinclair, 2011). Migratory birds perform
these movements with astonishing orientation and navigation capabilities, including returning
to specific locations after a journey of several thousands of kilometres (Mouritsen, 2018). For
example, pied flycatchers (Ficedula hypoleuca) return to the same forest patch in Europe,
often to the same nest box, every breeding season after overwintering in the same trees in sub-
Saharan Africa year after year (Salewski, Bairlein & Leisler, 2002; Harvey et al., 1984).
Similarly striking side fidelity has been observed in other songbird species (Salewski, Bairlein
& Leisler, 2000; Price, 1981). This accuracy has fascinated people for centuries (Bairlein et
al., 2014) and may be even more astonishing when considering that many songbird migrants
travel at night and reach their population-specific wintering grounds without parental or social
guidance during the autumnal inaugural migration. This requires an innate migratory program
which determines, at its most basic, how long to migrate for and in which direction (clock-
and-compass orientation) (Berthold, 1991; Mouritsen & Mouritsen, 2000; Mouritsen, 1998a)
and how to respond behaviourally and physiologically to variation in environmental
conditions en route (Jenni & Schaub, 2003; Schmaljohann, Eikenaar & Sapir, 2022).

Next to ‘orientation’, i.e. use of a compass to determine the direction of movement,
migratory birds can also ‘navigate’, i.e. determine their location on a ‘map’ and use this
information to decide on a compass direction towards the migratory destination (Griffin,

1952). The latter includes ‘true navigation’, i.e. returning to a known location from an
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unknown place (Holland, 2014). Available cues for orientation and navigation are celestial
cues (star patterns, the sun’s position and the sun’s polarisation pattern), the Earth’s magnetic
field, landmarks and olfactory cues (reviewed in Mouritsen, 2018). The Earth’s magnetic field
provides two major information types: first, its dipolar magnetic characteristic provides
information about direction for compass orientation (Fig. 1A). Second, its specific properties,
namely intensity, inclination angle and declination angle, provide predictable geographical
gradients around the globe, serving as map information for navigation (Fig. 1B-F).

With regards to the perception and use of these magnetic cues, songbirds are the most
studied taxon among vertebrates and have been key model organisms for over half a century
(Merkel & Wiltschko, 1965; Emlen, 19700). This might be explained by songbirds having
several characteristics that make them especially suited for orientation and navigation
research. Many songbird species, especially long-distance migrants, predominantly migrate at
night and independently of other individuals (Papi & Wallraff, 1982; Newton, 2008). As most
juveniles are not guided by parents, siblings or conspecifics during their first migration to the
unfamiliar wintering grounds (Newton, 2008; Pulido, 2007), they provide excellent naive
experimental units for studying orientation, while the study of adults allows investigation of
experienced birds with successful previous migrations. Additionally, most songbirds follow a
stop-and-go strategy during migration (Akesson & Hedenstrom, 2007; Delingat et al., 2006)
with migratory flights during the night (Alerstam, 1990; Schmaljohann, Liechti & Bruderer,
2007), and stopover periods to accumulate energy, rest and recover during the day
(Schmaljohann et al., 2022). This allows researchers to separate migratory activity during the
night from other activities at the stopover site during the day. Their small size further requires
less space in an experimental setup, e.g. in orientation cages (Emlen & Emlen, 1966; Merkel,
1958), and allows adequate caging facilities for large sample sizes. Advantageously, even
under caged conditions many songbirds show key behavioural characteristics that can be

directly linked to migration behaviour in the wild. Specifically, orientation behaviour in
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funnel cages correlates with their vanishing bearing in free flight (Mouritsen, 1998b). Further,
the amount of migratory restlessness (Zugunruhe), i.e. nocturnal movements in caged birds
during migration season, predicts the actual departure motivation in the wild on a night-to-
night level (Eikenaar et al., 2014; Berthold, 1973) and the start of migratory restlessness
correlates positively with departure timing within the night (Schmaljohann et al., 2015).

Despite an extensive literature on magnetoreception in songbirds, we still lack a clear
understanding of when, where and how songbirds use magnetic cues for their migratory
decisions in the wild. This becomes particularly obvious when considering the low
repeatability, reproducibility and replicability in magnetic-cue-related studies, which show
very high variability in the birds’ behavioural responses to similar experimental manipulations
[e.g. compare Cochran, Mouritsen & Wikelski (2004) with Chernetsov et al. (2011);
Chernetsov et al. (2017) with Chernetsov et al. (2020); or Fransson ef al. (2001) with Bulte et
al. (2017)]. One reason for the high variability might lie in the fact that behavioural decisions
of songbirds are based on a complex interplay of intrinsic (e.g. age, energy stores) and
extrinsic (e.g. wind conditions, time of season) factors (Miiller et al., 2016; Schmaljohann et
al.,2022; Jenni & Schaub, 2003). Considering the decision-making processes of the birds and
how they might differ depending on the migration ecology of the species could help to design
more meaningful experiments and thus increase the probability of obtaining more repeatable,
reproducible and replicable results. We therefore encourage researchers of magnetoreception
and readers of the animal orientation and navigation literature to consider the migratory
ecology of the study species when exploring how songbirds use magnetic cues for their
migratory decisions.

The first objective of this review is to summarise the methodological approaches for
assessing magnetic-cue-related hypotheses in migratory songbirds and evaluate their
contribution to understanding these processes in the wild. Our second objective is to review

the specific roles of magnetic cues in the context of migration ecology by focussing on the
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decision-making processes of songbirds in the wild. For this, we summarise how birds might
perceive directional compass information and geographical map information. We then provide
a conceptual framework investigating how magnetic cues might affect migratory decisions
from stopovers to active migratory flight towards their destination. Additionally, we provide
as supporting information (Table S1) a comprehensive list of the primary literature for each
magnetic-cue-related hypothesis. Finally, we hope that our conceptual framework will be an
important step to proper evaluation of the findings of future cage and free-flight studies in the

field of magnetoreception in an ecological context.

II. METHODOLOGICAL APPROACHES

To study the significance of magnetic cues for orientation- and navigation-related hypotheses
in migratory songbirds, most experimental approaches follow a common structure
incorporating two steps. The first step involves a manipulation altering the information
provided by a magnetic cue that the bird might access (Fig. 2A). In the second step, the
response of the bird to this manipulation is recorded, often in restricted environments, i.e.
cage experiments, but also in free flight (Fig. 2B). Table S1 provides a list of magnetic-cue-

related orientation and navigation hypotheses for migratory songbirds.

(1) Manipulation of perceived magnetic information
An altered magnetic information perception for the bird can be achieved either by (a)
manipulating the cue itself, or by (b) manipulating the (hypothesised) biological sensor for

magnetic perception (Fig. 2A).

(a) Magnetic cue manipulation
Strategically selected study sites and times can provide natural ‘near-experimental’

setups to study magnetic orientation and navigation behaviour, e.g. natural magnetic
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anomalies caused by magnetic minerals in the Earth’s crust (Alerstam, 1987; Skiles, 1985) or
weather events (Able, 1982a). As the Earth’s magnetic field varies constantly with patterns
occurring on a scale from decades (secular variation) to days (Bloxham & Gubbins, 1985),
one can also use this natural variation for correlative studies (Benitez-Paez ef al., 2021; Wynn
et al., 2020, 2022a,b).

Besides natural changes in the magnetic field, its three major components (Fig. 1) can
be changed artificially: (1) intensity (Fig. 1B); (2) inclination (e.g. Wiltschko et al., 1993; Fig.
1C, D), including the (horizontal) direction of field lines (e.g. Cochran et al., 2004; Fig. 1A;
see Section III); and (3) declination (e.g. Chernetsov ef al., 2017, 2020; Fig. 1E, F). The
magnetic field can also be cancelled out, i.e. true-zero magnetic fields (Mouritsen, 1998b), or
constantly moved, providing a non-specific magnetic stimulus (Elbers et al., 2017). Further,
one can imitate the magnetic field of other locations by specifically changing the components
of the magnetic field, which is called ‘virtual (magnetic) displacement’. Virtual magnetic
displacement can be applied either instantaneously (Kishkinev et al., 2015) or continuously
over several days/weeks, simulating a slow migration through space (Fransson et al., 2001,
Bulte et al., 2017). Nevertheless, care should be taken to select a magnetically unequivocal
virtual location, as certain combinations of magnetic properties may be repeated across the
globe (Schneider ef al., 2023). Helmholtz-coils (e.g. in Wiltschko, 1968) and three-
dimensional Merritt-coils (Merritt, Purcell & Stroink, 1983) are used most frequently, but
other coil arrangements (e.g. Alldred & Scollar 4-Coil, Lee-Whiting 4-Coil, Rubens 5-Coil)
have been used as well (Kirschvink, 1992). As the magnetic field is only manipulated in a
restricted space within the coil system (usually <1 m?), birds have to be caged.

Alongside virtual displacement, actual physical displacement has been used for
decades for navigational studies (e.g. Perdeck, 1958; Thorup et al., 2007; Holland et al., 2009;
Mewaldt, Cowley & Won, 1973; Mewaldt, 1964; Chernetsov, Kishkinev & Mouritsen,

2008b). With a physical displacement, the magnetic cues also change, but interpretations of
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behavioural responses related to the location change must be made carefully, as other cues,
such as landscape and odour, will likely alter as well. During transportation, the birds may
experience a gradual shift in the magnetic cues or other environmental conditions, such as

timing of sunrise and sunset events. If they consider these shifts, they may gradually adjust
their behaviour to the new conditions, so that the effects of the displacement might be less

than expected.

The most non-specific method to manipulate the perceived magnetic field for a bird is
by attaching magnets to the bird. This method was first applied to pigeons (e.g. Larkin &
Keeton, 1976; Keeton, 1971), and later to seabirds (e.g. Mouritsen et al., 2003; Massa et al.,
1991), but only recently to songbirds (Packmor et al., 2021).

Further conclusions about the use of the magnetic field by birds can be drawn from
manipulation of other cues that are hypothesised to interact with and complement magnetic
cues, such as location of sunset (e.g. Moore, 1985), polarisation pattern (e.g. Muheim, Phillips
& Akesson, 2006b; Schmaljohann et al., 2013b), and stellar cues (e.g. Mouritsen & Larsen,

2001).

(b) Magnetic sensor manipulation

Instead of manipulating the cues, manipulations can also take place on the level of the
biological (magnetic) sensor (Fig. 2B). Currently, there are three sensor types proposed: (1)
the radical-pair-based mechanism in the eye (Hore & Mouritsen, 2016); (2) a magnetic-
particle-based mechanism (Wiltschko et al., 2006), likely located in the upper beak and
innervated by the ophthalmic branch of the trigeminal nerve (Beason & Semm, 1996; Heyers
et al., 2010; Kishkinev et al., 2013); and (3) a magnetoreceptor in the inner ear, either based
on magnetite (Wu & Dickman, 2011; but see Malkemper et al., 2019) or on electromagnetic
induction (Nimpf et al., 2019; Jungerman & Rosenblum, 1980). Electromagnetic induction

was first described for aquatic animals (Lohmann & Johnsen, 2000; Paulin, 1995) and was
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recently suggested to be the basis of a magnetic compass and/or map sense in pigeons (Nimpf
& Keays, 2022). Experimental proof for a role of electromagnetic induction in songbird
navigation is currently lacking, hence we focus herein on the first two mechanisms.

Formerly, it was assumed that there is a clear functional separation of the two sensors
proposed for songbirds: the radical-pair-based sensor in the eye provides compass
information, i.e. magnetic direction, and the magnetic-particle-based sensor in the upper beak
provides geomagnetic map information, i.e. magnetic location (see Section III). However,
recent findings question this strict separation, as the radical-pair-based sensor might
contribute to the geomagnetic map by providing information on declination (Chernetsov et
al., 2017) and/or inclination (Fig. 1C-F).

The radical-pair-based mechanism has been experimentally disturbed by
electromagnetic radiation in the ~0.1 to ~100 MHz frequency range (e.g. Leberecht et al.,
2023; see Table S1 for more references) or by inactivating the putatively corresponding brain
region, named Cluster N (Zapka et al., 2009). Manipulation of the putative magnetic-particle-
based mechanism has been attempted either by nerve section or anaesthesia of the trigeminal
nerve to disable neuronal transmission (Kishkinev ez al., 2013; Beason & Semm, 1996) or by
modifying the mechanism by remagnetisation of the assumed magnetic particles using
magnetic pulses (Holland & Helm, 2013; see Table S1 for more references, e.g. Wiltschko et
al., 1994; Karwinkel et al., 2022a).

A general problem with disrupting the hypothesised magnetic sensors is that some
manipulations, like surgery, electromagnetic radiation exposure or magnetic pulsing, affect
the whole organism. Therefore, such manipulations can potentially impact multiple non-target
areas of the body, such as other sensory organs or even physiological traits, both of which
could unintentionally cause the observed behaviour. For such manipulations, convincing
sham, i.e. control, groups are difficult to achieve, as they do not necessarily impact non-target

traits to the same extent as the treatment manipulation. In particular when birds show
10
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disorientation after manipulation, it is difficult to assign this with certainty to an effect on
magnetic navigation/orientation behaviour, rather than to a non-magnetic-cue related
unspecific effect, as indicated in other species groups. For example, a magnetic pulse was
found to alter gene expression in rainbow trout (Oncorhynchus mykiss) (Fitak et al., 2017).
Furthermore, the effects of low-level electromagnetic radiation appear to be more complex in
other species groups (e.g. murine rodents, turtles, newts) than reflected in the songbird
literature. There it alters the direction, rather than only increase the scatter in directional
responses. Additionally, the directional response in the laboratory in the non-songbird taxa
seems to be dependent on the similarity of the electromagnetic environment to the natural, i.e.
capture, location (Landler ef al., 2015; Phillips et al., 2022; J.B. Phillips, personal
communication). These examples outside the songbird literature highlight that magnetic
treatments may lead to unintended and unexpected responses of the study animal and that we,
consequently, must always question critically whether alternative reasons may explain the

results of a study.

(2) Recording the bird’s behavioural response

The second part of the methodological approaches involves measurements of the
birds’ behavioural responses to the manipulations described above, from which conclusions
about their use of the magnetic field can be drawn. In general, these studies can be divided
into two categories: (a) experiments with caged birds, often performed in laboratory
environments and (b) experiments with free-flying birds in their natural environment (Fig. 2B,

Table S1).

(a) Recording behaviour in caged environments
In captive birds, responses regarding orientation and navigation abilities are typically

tested in small funnel-shaped orientation arenas called Emlen-funnels (Emlen & Emlen, 1966)
11
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(Fig. 2B). During the night in the migration period birds hop in a preferred direction in these
circular funnel arenas, leaving footprints and/or scratches on the inclined funnel wall that are
assumed to reflect their preferred migratory direction. Although other methods (e.g.
videotaping with automated image analysis; use of electric signals triggered when a bird
perches in different positions in a cage) have been developed to record the bird’s preferred
direction digitally (Merkel & Fromme, 1958; Mouritsen et al., 2004; Mouritsen & Larsen,
2001; Muheim et al., 2014), many researchers still prefer to record manually the scratches on
paper produced by the bird on the funnel wall, and this method remained unchanged for
decades (e.g. Emlen & Emlen, 1966; Leberecht et al., 2023). One reason for this is that
electrical devices emit electromagnetic radiation that could disrupt the magnetic compass in
songbirds (Engels et al., 2014), perhaps making it impossible to study magnetic responses of
birds using electronic methods.

Other migratory traits studied less frequently in relation to the Earth’s magnetic field
in caged birds include migratory restlessness (Zugunruhe; the amount of nocturnal movement)
(Bulte et al., 2017) and physiological responses such as accumulation of energy (Bulte et al.,
2017; Fransson et al., 2001; Kullberg et al., 2007) or hormone responses (Henshaw et al.,

2009).

(b) Recording behaviour in free flight

Behavioural responses to manipulations can be also recorded in free flight (Fig. 2B),
but one has to consider carefully the temporal resolution of the method used. For example,
ring recoveries can provide sufficient behavioural data to answer research questions, but often
require long study periods (usually >10 years) and large sample sizes (Perdeck, 1958; Wynn
et al., 2020, 2022b). For an immediate response, i.e. within a day of treatment, a simple
method is to observe visually the vanishing bearings of migratory songbirds at night by

attaching a light stick to the bird and tracking its flight direction using binoculars. The spatial
12
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resolution of this method is limited to about 0.7-2 km (Mouritsen, 1998b; Dierschke &
Delingat, 2003). Radio tracking can substantially extend this range to ~ 5-20 km, with
researchers manually tracking radio-tagged birds with handheld antennas over time (Holland,
2010; Schmaljohann et al., 2013b) and space (Cochran et al., 2004; Holland et al., 2009). In
recent years, automated radio-receiving arrays (e.g. Smolinsky et al., 2013; Miiller et al.,
2018; Brown & Taylor, 2017) advanced this technique by excluding observer biases inherent
in manual tracking and integrating single radio-receiving stations to continental-wide
networks (Taylor et al., 2017). The lightest available radio tags are only 0.13 g and provide
signals for a few weeks with a time resolution of a few seconds. Recent advances in satellite
tracking techniques allow recording the behaviour of migrating birds at a higher spatial
resolution, but even the lightest tags are at present too heavy for most songbird species
(McKinnon & Love, 2018; Bridge et al., 2011) and therefore satellite tags tend to be used for
non-passerine orientation and navigation research (e.g. Wikelski et al., 2015; Mouritsen et al.,
2003; Gagliardo et al., 2013; Thorup et al., 2020).

Data from a wide spatial range derived from radio-receiving networks and satellite
tracking is valuable because vanishing bearings of free-flying birds for the first few
kilometres must be interpreted carefully, as the initial direction does not necessarily represent
the preferred migratory direction (Brown & Taylor, 2015; Sjoberg & Nilsson, 2015).
Vanishing bearings may also reflect movements within a stopover landscape (Schmaljohann
& Eikenaar, 2017; Taylor et al., 2011), depend on energy stores and weather conditions
(Schmaljohann & Naef-Daenzer, 2011) or might simply reflect escape behaviour after
handling.

Species that may breed or winter in the vicinity of the experimental site may already
be at their migratory destination. In this case, their behaviour, including vanishing bearing, are
not necessarily related to orientation or navigation. Therefore, researchers using vanishing

bearings must ensure that experimental birds are still on active migration, do not perform
13
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landscape movements and have not reached their migratory destination. Comparison with
known species- or population-specific routes from ring recoveries (Spina et al., 2022) can
increase confidence in the validity of vanishing bearings.

Besides tracking directional responses, other behavioural responses, such as the day-
to-day and within-the-night departure decisions (Miiller et al., 2016), could also be affected
by experimental manipulations but are often not considered in orientation and navigation
studies.

Other methods to monitor the flight directions of free-flying nocturnal migrants
include radar (e.g. Nievergelt, Liechti & Bruderer, 1999), infrared-cameras (e.g. Mirzaei et
al., 2012) and the moon-watching method (Liechti, Bruderer & Paproth, 1995; Liechti, 2001),
but these are not suited to observing individuals after an experimental manipulation. Such
observation methods therefore require ‘near-experimental’ designs by using natural variation
of environmental cues, such as magnetic anomalies (Alerstam, 1987), ecological barriers
(Fortin, Liechti & Bruderer, 1999) or specific landmarks, such as mountain ridges (Liechti et
al., 1996; Hilgerloh, Weinbecker & Zehtindjiev, 2006), different timings within the year

(Zehtindjiev & Liechti, 2003) or natural variation in cloud cover (Able, 1982a).

(c) Comparison of caged versus free-flight experiments

In comparison with free-flight experiments, cage experiments have the advantage that
the surrounding environment can be controlled for confounding effects, enabling a causal link
to the experimental manipulation. A disadvantage is that the caged environment is highly
unnatural in many respects (restricted space, feeding conditions, intensity of natural radiation,
light, etc.), which might reduce the bird’s motivation or even its ability to show natural
behaviour. Further, the experimental manipulation of environmental cues in laboratories,
especially of landscape or celestial cues, might not be sufficiently realistic to elicit natural

behaviour. Consequently, results obtained in the laboratory do not necessarily reflect
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responses to the same treatment in the wild, where other cues than the manipulated one are
available. For example, birds might ignore a manipulated magnetic cue when other important
cues for their decision are present. Thus, the assumption that results obtained in artificial
environments predict birds’ behaviour in the wild is not inevitably correct and should be made
with caution (see Table S1 for contrasting results). Therefore, any hypotheses generated in the
laboratory should be re-examined with free-flying birds to assess their ecological relevance.
When researchers temporarily house wild-caught migratory birds for either cage-based
or free-flight experiments upon release, they need to consider how the feeding conditions may
have changed from the natural to the artificial environment. On the one hand, birds with low
levels of fuel (body fat) that continue to lose body mass during stopovers (i.e. are in low-
quality food conditions), will continue to exhibit migratory restlessness the next night and
continue migration. By contrast, birds that gain fuel during stopovers (i.e. are in high-quality
food conditions, e.g. with ad libitum food), may suppress restlessness until they have
replenished their fuel levels. Thus, a counterintuitive suppression of migratory motivation of
apparently fat birds might be misinterpreted as an effect of the experimental manipulation.
Therefore, in cage studies, an interplay of food availability, changes in food availability and
the current energy stores of an individual bird is likely to affect its decision-making process
significantly (Biebach, 1985; Biebach, Friedrich & Heine, 1986; Klinner et al., 2020;
Gwinner, Schwabl & Schwabl-Benzinger, 1988). Further, birds that show little restlessness,
i.e. little migratory motivation, but move for instance within an Emlen funnel in a certain
direction could be misinterpreted as intending to migrate in that direction, even though they
have a low probability of resuming migration towards the seasonally appropriate destination
(Eikenaar ef al., 2014). While in many studies the activity of the birds needs to exceed a
certain level before their orientation is taken into account (Leberecht et al., 2023), any
decrease in migratory restlessness and related behaviour could be wrongly interpreted if the

ecology of the individual bird is not taken into account.
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Studying free-flying songbirds comes with several limitations. First, it is difficult to
manipulate the birds during flight because the low body mass of many songbird species
(< 100 g) restricts the total mass of devices for manipulation and tracking to a maximum of 3—
5 g (Casper, 2009). Manipulations involving changes to the polarisation pattern
(Schmaljohann et al., 2013b; Muheim et al., 2006b), exposure to electromagnetic radiation
(Schwarze et al., 2016a; Engels et al., 2014) or the properties of the magnetic field
(Mouritsen, 1998b) have so far not been applied in free flight. Consequently, to study the
birds’ behavioural responses to these manipulations in free flight, it is currently only feasible
to manipulate the birds on the ground and then release them. As the points in time at which
songbirds make their decision to resume migration from stopover and to determine their flight
direction remain unclear, it is not straightforward to determine when to manipulate the birds
optimally to potentially affect their migration decisions. There is correlative evidence for one
night-migratory songbird species, the northern wheatear (Oenanthe oenanthe), suggesting that
the departure decision is made at least several hours before sunset (Eikenaar et al., 20205b),
but this might vary among species dependent on their specific migration ecology. This timing
issue can be overcome by using long-lasting or permanent manipulations of free-flying birds,
such as magnetic pulsing (with effects found up to 10 days; e.g. Holland & Helm, 2013),
attaching magnets (lasting days to weeks, depending on attachment; Packmor et al., 2021) or
nerve sections (probably permanent; Kishkinev et al., 2013). However, such permanent
manipulations pose an ethical challenge and the low recapture probability of wild birds on
migration makes it almost impossible to reverse the manipulation after the end of the

experiment.

ITII. MAGNETIC CUES IN SONGBIRD MIGRATION ECOLOGY

(1) Perception of directional information
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The magnetic field of the Earth roughly resembles the magnetic field of a bar magnet centred
in the axis between the poles (Skiles, 1985) (Fig. 1A). This arrangement provides directional
magnetic characteristics for orientation on the Earth’s surface. The horizontal (parallel to the
Earth’s surface) component of the magnetic field line can be used for orientation, as it always
points towards one magnetic pole. The human-made compass is based on this polarity
characteristic of the magnetic field, whereas birds use an inclination compass. They compare
the magnetic vector, i.e. the axial direction of the magnetic field line in space, with the gravity
vector (orthogonal to Earth’s surface) to determine a poleward and equatorward direction
(Wiltschko & Wiltschko, 1972). Inclination, defined as angle of the intersection between the
magnetic field lines and the Earth’s surface (Fig. 1C), varies between 90° at the magnetic
poles and 0° at the magnetic equator (Skiles, 1985) (Fig. 1D). In contrast to the horizontal
compass, i.e. human-made compass, the inclination compass does not discriminate between
north and south but instead provides information about polewards and equatorwards
directions. It was shown that songbirds can use inclination angles for orientation up to 85-87°
(Akesson et al., 2001; Lefeldt et al., 2015) and down to at least 5° (Schwarze et al., 2016b),
meaning that the magnetic compass is not functional in the close vicinity of the magnetic
poles (inclination angle 90°) and the magnetic equator (inclination angle 0°), respectively.
Alongside the magnetic field, other cues have also been shown to provide directional
information: the sun or its skylight polarisation pattern (Able & Able, 1993; Muheim et al.,
2006b; Phillips & Moore, 1992), sunrise and sunset direction (Moore, 1987h; Schmidt-
Koenig, 1990) and the positions of the stars (Emlen, 1970a; Wagner & Sauer, 1957;
McLaren, Schmaljohann & Blasius, 2022) (Fig. 3A), but not the moon (Moore, 1987a).
Notably, songbirds seem to use the different compass systems flexibly and switch between
them depending on their availability, as shown by compass redundancy in experiments with
caged birds (Mouritsen, 1998b; Sandberg, Uttosson & Pettersson, 1991; Packmor et al., 2021)

(Table S1). Observations from free-flying birds that orient appropriately even when certain
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cues are not available, e.g. during overcast skies or at magnetic anomalies, also suggest
redundancy of the star and magnetic compass in the wild (Alerstam, 1987; Griffin, 1973;
Able, 1982a) (Table S1).

The relative importance of the different directional compass cues, their hierarchy and
calibration, and their use in the wild is still subject to debate. For the magnetic compass, three
hypotheses for compass calibration have been proposed: (1) the magnetic compass is
calibrated by sunset cues; (2) the magnetic compass is calibrated by polarisation cues; and
(3) the star compass is calibrated by the magnetic compass (Table S1). Notably, cue-conflict
experiments have revealed contrasting results under free-flight conditions (Schmaljohann et
al., 2013b; Sandberg et al., 2000; Cochran et al., 2004; Chernetsov et al., 2011; Sjoberg &
Muheim, 2016) and cage experiments where compass cues were meticulously controlled for
(Muheim et al., 2006b; Sjoberg & Muheim, 2016; Moore, 1985; Phillips & Moore, 1992)
(Table S1). The topic of cue hierarchy and compass calibration is intensively discussed in
Sjoberg & Muheim (2016), Pakhomov & Chernetsov (2020) and Liu & Chernetsov (2012).
Here, we briefly summarise the two contrasting opinions: Sjoberg & Muheim (2016) present a
structured flow chart for daily decisions of cue integration during migration devised to explain
the contradictory results of the cue-conflict experiments under different conditions. By
contrast, Pakhomov & Chernetsov (2020) and Liu & Chernetsov (2012) stress the natural high

variability of cue integration of birds and do not try to propose a consensus concept.

(2) Perception of geographical location

In addition to directional information where information for a bearing is obtained
independent of the actual location, the arrangement of the Earth’s magnetic field can also
provide positional information. This is possible due to its parameters changing in a
predictable way over most parts of the globe (Fig. 1). They are commonly referred to as

‘geomagnetic map cues’ (but with inconsistent use in the literature) and we refer to this term
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herein when positional rather than directional information from the Earth’s magnetic field is
discussed, whether in one or two dimensions.

The intensity of the magnetic field shows a gradient from the equator towards the
poles (Fig. 1B) (Skiles, 1985) and can therefore be used for latitude determination. Due to
natural fluctuations in magnetic intensity, the accuracy of this component for navigation of
fast-moving animals is limited to 10-30 km (Mouritsen, 2018). Magnetic inclination also
shows a gradient from the equator to the poles (Skiles, 1985) and thus can provide latitudinal
information for most parts of the world (Fig. 1D). Consequently, magnetic inclination might
provide two sources of information for migrating songbirds: (1) as an orientation, i.e.
compass, cue (see Section II1.1), and (2) as a navigation, i.e. positional, cue. While there is
evidence for the use of inclination (Wiltschko & Wiltschko, 1992; Wynn et al., 2022b) as a
geomagnetic map cue, convincing evidence for the biological importance of magnetic
intensity for songbird navigation, similar to that shown for sea turtles (Lohmann & Lohmann,
1996), is currently lacking. Notably, as magnetic navigation might be easier when isolines are
orthogonal, a bi-coordinate map of magnetic intensity and inclination for position
determination may be less useful for navigation in many parts of the world (compare Fig. 1B
and 1D) (Schneider et al., 2023; Bostrom, Akesson & Alerstam, 2012a; Wynn et al., 2022
a,b).

The third spatial component of the magnetic field is declination, which describes the
angular deviation between magnetic and geographical North at a specific location (Fig. 1E).
This is not a purely magnetic cue because it relies on a geographical compass derived from
other cues (e.g. celestial cues). Declination angle has a pronounced east—west gradient
between approximately —20 and 20° in North America and between around —10 and 20° in
Europe (Skiles, 1985) (Fig. 1F). A study in Europe suggested that reed warblers
(Acrocephalus scirpaceus) use declination for navigation (Chernetsov et al., 2017), while

another study failed to show this for songbirds such as the European robin (Erithacus
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rubecula) and the garden warbler (Sylvia borin) (Chernetsov et al., 2020) (Table S1).
Combination of declination information with magnetic intensity or inclination information
could provide a reliable bi-coordinate map across much of the Earth (Wynn et al., 20225b), but
whether songbirds make use of this is still unclear.

Although the magnetic field is present globally, it is currently unknown whether birds
use or rely on it universally. There are possibilities (and some evidence) for alternative cues
from which birds might perceive information about location: for example, photoperiod
(Kishkinev, Chernetsov & Mouritsen, 2010), celestial rotation (Pakhomov, Anashina &
Chernetsov, 2017), olfactory cues [Holland ef al., 2009; reviewed in Kishkinev (2015) and
Gagliardo (2013)], infrasound (Patrick et al., 2021) and landmarks (Holland, 2003) (Fig. 3B).
These cues may be used exclusively or in combination, with magnetic cues for example [see

extensive review in Holland (2014) and Mouritsen (2018)].

(3) Magnetic cues during stopover

During stopover, birds take on fuel, rest and recover (Linscott & Senner, 2021;
Schmaljohann et al., 2022). Depending on their requirements at the stopover site, songbirds
may resume migration shortly (a few hours) or several weeks after arrival (Packmor et al.,
2020; Schaub & Jenni, 2001a). Since birds spend more time and energy during stopovers than
during migratory flights (Wikelski et al., 2003; Schmaljohann, Fox & Bairlein, 2012; Green et
al.,2002; Alerstam & Lindstrom, 1990), variation in total stopover duration will affect total
speed of migration (Schmaljohann & Both, 2017; Schmaljohann, 2018; Nilsson, Klaassen &
Alerstam, 2013). Studying stopover and the parameters that affect departure and landing
decisions is crucial for understanding a species’ migration ecology. In this section, we review

when, where and how birds might use magnetic cues for migratory decisions in the wild.

(a) Fuelling
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The innate migration programme controls seasonal changes in the energy stores of
migrants (Bairlein & Gwinner, 1994; Totzke & Bairlein, 1998). At stopover, the amount of
energy accumulated is affected by biotic factors, such as food availability (Bayly, 2007),
competition (Moore & Yong, 1991) and predation risk (Schmaljohann & Dierschke, 2005;
Fransson & Weber, 1997), as well as abiotic factors, such as weather and climate (Schaub &
Jenni, 2001b; Bairlein, 1993). Virtual displacement experiments showed a tight interaction
between the amount of accumulated energy and virtual position on a geomagnetic map
[Fransson et al., 2001; but see Bulte ef al. (2017) for a counter-example; Table S1). Those
experiments were conducted with naive juvenile birds with no prior experience of the natural
changes in geomagnetic map cues along their migratory route. This suggests that the innate
migration programme for fuelling not only contains a temporal (circannual) component, but
also a flexible/adaptable spatial component, triggered by geomagnetic map cues. Notably, the
temporal component might override the effect of geomagnetic map cues on fuelling both early
(Kullberg et al., 2007) and late in the season (Kullberg ef al., 2003). Moreover, the altered
geomagnetic map cues do not have to be coherent with cues from travelling time, as
experiments with abrupt virtual magnetic displacement and stepwise virtual displacements
along the route triggered the same fuelling response (Henshaw et al., 2008), suggesting the
presence of inate (heritable) geomagnetic signposts for stopovers, probably similar to
inherited magnetic signposts for a migratory shift (Zugknick), i.e. the abrupt change of
migration direction on the route (McLaren, Schmaljohann & Blasius, 2023).

Studies on free-flying birds show that birds undergo extensive fuelling in front of
major ecological barriers like the Atlantic Ocean or the Sahara Desert (Dierschke, Mendel &
Schmaljohann, 2005; Delingat, Bairlein & Hedenstrom, 2008; Bayly, Gomez & Hobson,
2013; Bairlein, 1991; Odum, 1963). Thus, the natural fuelling patterns might be, at least in

part, induced by geomagnetic map cues.
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(b) Physiological recovery

The physiological processes involved in recovery during stopover are poorly
understood (Eikenaar et al., 2023, 2020c; Eikenaar, Hessler & Hegemann, 2020a;
Schmaljohann et al., 2022), and even less is known about the roles of geomagnetic map cues
in recovery. Speculatively, they might be important for stimulating recovery periods in
preparation for ecological barrier crossings or exceptionally long migratory flights. The only
study investigating links between physiological parameters and magnetic cues described a
reduced adrenocortical hormone response after experiencing a virtual magnetic displacement
towards an ecological barrier (Henshaw et al., 2009). A reduced adrenocortical hormone
response is proposed to be a physiological adaptation to migration for preventing detrimental
effects of high corticosterone hormone levels. Wild migrants, by contrast, did not show this
effect during stopover at an ecological barrier (Schwabl, Bairlein & Gwinner, 1991) (Table
S1). The few studies available and the variability in their results make it difficult to draw

conclusions regarding the biological importance of magnetic cues for recovery.

(c) Departure decisions

The decision to depart from a stopover site consists of three interlinked components,
which we term the ‘departure triangle’ (Fig. 3C): (i) the daily bimodal decision to depart or
not to depart from the stopover site, i.e. day-to-day departure decision (reviewed in Jenni &
Schaub, 2003); (if) the departure time within the night (reviewed in Miiller ef al., 2016); and

(iii) the departure direction from the stopover site.

(i) Day-to-day departure decision
The general motivation to migrate is genetically encoded in the innate migration
programme (Berthold, 1973) and then modified by intrinsic and extrinsic factors (Miiller et

al.,2016). Bulte et al. (2017) demonstrated that a virtual geomagnetic map displacement
22



571 along the migration route decreased the amount of migratory restlessness expressed as birds
572  virtually approached their migratory goal. Thus, geomagnetic map cues might be an extrinsic
573  factor modifying the departure probability from stopover. By contrast, Henshaw et al. (2010)
574  did not observe this pattern. As their virtual magnetic displacement was marginal compared to
575 the total migration distance of their focal species, the lesser whitethroat (Sy/via curruca), we
576  speculate that this displacement was too short to observe any relevant effect (Table S1). It
577  therefore seems possible that geomagnetic map cues are used to calculate the remaining

578  distance to the migratory destination and thereby influence migratory motivation, i.e. day-to-
579  day departure decisions.

580

581  (ii) Departure timing within the night

582 After the decision to resume migration, the next decision is when to depart within the
583  night (Fig. 3C). Miiller et al. (2016) predict that species/populations with longer remaining
584  migration distances will depart earlier within the night and/or show less variation in timing
585  than birds with shorter remaining distances, for which there is supporting evidence

586  (Schmaljohann ef al., 2013a). Using a similar argument to that above for location

587  determination using geomagnetic map cues (Section III.3.c.i), we predict that geomagnetic
588  map cues might, at least to some extent, affect departure timing within the night. To

589 investigate experimentally whether such a causal relationship exists, one would need to

590 disentangle the effect of geomagnetic map cues from seasonal, night length and body

591 condition effects, among others (reviewed in Miiller et al., 2016). It currently remains unclear
592  whether and how magnetic cues influence songbird migrant decisions of when to resume

593  migration at night.

594

595  (@ii) Departure direction
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Songbirds can use the magnetic compass, among other systems, to detect directional
information (see Section III.1). The departure direction decision in many songbird migrants
will involve an interplay between the innate migration direction (Helbig, 1991; Wynn et al.,
2023) and the current intrinsic and extrinsic conditions, such as fuel load (Sandberg & Moore,
1996; Sandberg et al., 2002; Sandberg, 2003, 1994), hormone levels (Schneider ef al., 1994;
Lohmus et al., 2003), weather (Schmaljohann & Naef-Daenzer, 2011; Miiller et al., 2018),
and time of year (Chernetsov ef al., 2008a) (Fig. 3C). In addition, experienced migrants seem
to integrate their actual location within the decision-making process to determine their
departure direction from stopover. Studies with physical or virtual magnetic displacement
demonstrate that birds are able to correct their migratory direction to reach their intended
destination, i.e. perform true navigation (Thorup et al., 2007, 2011; Kishkinev et al., 2015,
2020; Chernetsov et al., 2008b; but see Kishkinev et al., 2016; Table S1). Therefore, it is
generally accepted that the directional departure decisions of migration-experienced songbirds
include geomagnetic map cues and involve map-based true navigation (Mouritsen, 2018;
Berthold, 1996).

Juveniles on their first migration mainly fail to compensate for such displacements
(Thorup et al., 2007; Mouritsen & Larsen, 1998; Perdeck, 1958) (Table S1), probably because
they have not yet generated a corresponding geomagnetic map and thus rely on clock-and-
compass orientation during inaugural migration (Mouritsen, 1998a; Mouritsen & Mouritsen,
2000). Intriguingly, there is evidence that some free-flying juvenile birds [including common
cuckoos (Cuculus canorus), whose migration ecology is similar to that of songbirds] were
able to correct for displacements (Thorup et al., 2011; Thorup & Rabel, 2007; Thorup et al.,
2020). Potential explanations for this phenomenon are that juveniles might have learned parts
of the geomagnetic map beforehand by exploring their home range (Ziist et al., 2023) or
during transportation to the displacement location (Akesson et al., 2005). Alternatively, they

could follow a time-compensated sun-compass, which is partially self-correcting for
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displacements (McLaren ef al., 2022), or possess inherited magnetic map information,
comparable to fish and sea turtles (Lohmann et al., 2022).

The hypothesis that migration-experienced but not juvenile birds possess and use a
geomagnetic map is further supported by magnetic pulse experiments. Currently, it is
assumed that migratory songbirds navigate by sensing geomagnetic map cues using a
magnetic-particle-based receptor. Exposing birds to a strong but brief magnetic pulse should
remagnetise the magnetic particles and this would alter how the birds perceive local
geomagnetic map cues, which in turn should alter the orientation direction in caged birds or
departure direction in free-flying birds (Holland & Helm, 2013; see Table S1 for further
references, e.g. Wiltschko et al., 1994). However, not all studies show this (Karwinkel ef al.,
2022a,b). The observation that the orientation/departure direction of only migration-
experienced but not juvenile songbirds was affected by a magnetic pulse (Holland & Helm,
2013; Munro et al., 1997b; Munro, Munro & Phillips, 1997a), supports the hypothesis that
only in experienced birds, but not in juveniles, are geomagnetic map cues involved in the

decision-making process.

(4) Magnetic cues during migratory flight

Investigating the role of magnetic cues during migration also requires understanding
decision-making processes during the migratory endurance flight (Fig. 3C). Two crucial
stages include (a) updating and maintaining the flight direction, including possible directional

adjustments and () deciding when to interrupt the flight, i.e. the landing decision.

(a) Updating and maintaining flight direction
After they have departed in a specific direction, bird migrants generally maintain this
direction during the endurance flight (e.g. Karwinkel et al., 2022a; Fortin et al., 1999;

Bruderer & Liechti, 1998; Bruderer, 1994), but not all birds necessarily fly in the same
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direction throughout the night (Sjoberg & Nilsson, 2015). Magnetic cues could play two
major roles for updating and maintaining the flight direction. First, the magnetic compass
could be used for direction determination in flight, as described in Section III.1. Second,
geomagnetic map cues could be used to make decisions about changing their flight direction.

Radar studies provide supportive evidence that magnetic cues are perceived and used
during the migratory flight, as birds orient towards the seasonally appropriate direction under
full overcast conditions (Able, 1982a; Griffin, 1973), although landmarks cannot be excluded
as additional or alternative orientation cues. Further support that migrants regularly assess
magnetic cues during flight and update their flight behaviour accordingly is provided by
reports that birds change their flight altitude when passing a magnetic anomaly (Alerstam,
1987).

Free-flying birds change their flight direction when facing barriers depending on,
among other factors, time within the night or fuel load (Nilsson & Sjoberg, 2016; Akesson et
al., 1996; Fortin et al., 1999; Bruderer & Liechti, 1998; Zehnder ef al., 2002; Komenda-
Zehnder, Liechti & Bruderer, 2002; Schmaljohann & Naef-Daenzer, 2011). Similar patterns
were found in caged birds (Sandberg, 2003; Sandberg et al., 2002). Whether geomagnetic
map cues play a role in recognising these barriers and thus contribute to changes in flight
directions is still unknown. However, as geomagnetic map cues are involved in the
determination of migratory bearings (e.g. Kishkinev et al., 2021, 2015), it seems plausible that
they might also affect changes in flight direction in free flight. However, very little is known

about how songbirds update and maintain flight direction during migration.

(b) Landing decision
For landing decisions within a migratory endurance flight, it is likely that similar extrinsic and
intrinsic factors play a role as for the departure decision (Miiller et al., 2016) (Fig. 3).

However, since we are only just beginning to study and understand when, where and how
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birds decide to land (e.g. Riippel ef al., 2023), our current knowledge on the biological
importance of magnetic cues on these decisions is very limited. We speculate that
geomagnetic signposts may contribute to identifying crucial stopover landscapes before

crossing ecological barriers, although evidence for this hypothesis is not yet available.

IV. UNSOLVED QUESTIONS

Regarding the biological significance of magnetic cues for the decision-making process in
songbirds, several significant knowledge gaps remain.

(1) How can juvenile migratory songbirds react to (fuelling, restlessness) and correct for
(direction) virtual/physical geomagnetic map displacements, although they have never
experienced those conditions before?

(2) How are the different compass systems (sun, polarisation pattern, stars, magnetic)
calibrated and what is the hierarchy between the different compass systems (Table S1)?
(3) When, where, how and how often do birds use geomagnetic map cues during stopover and
flight for their migratory decisions?

(4) How do birds use their compasses, including the magnetic compass, during active
migratory flight?

(5) Do magnetic cues play a role in the birds’ decisions to interrupt migratory endurance

flights, i.e. in landing decisions?

V. CONCLUSIONS

(1) Magnetic cues can significantly influence the decision-making processes of songbirds
during migration. The innate migratory programme provides the basis for migratory decisions,
which are modulated by an interplay of intrinsic and extrinsic factors, in which magnetic cues

play a role.
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(2) Magnetic cues are just one of many environmental cues, e.g. weather, stopover habitat,
landmarks or celestial cues, that are available to birds. We should not overestimate the
importance of magnetic cues in the wild, as songbirds may use other cues for their migratory
decisions.

(3) Likewise, we know that in birds, redundancy may exist and several different systems may
function flexibly for the same task (e.g. sun, stars, magnetic compass direction). This might
explain some of the variation in results obtained following magnetic manipulations in
orientation cage experiments versus free-flight tracking studies in the wild, where multiple
cues are available (Table S1).

(4) Cage experiment studies are useful for demonstrating the sensory capabilities of birds, as
the environment can be meticulously controlled. However, we should not infer that the
sensory capability of a bird in a cage equals the bird’s behaviour in the wild in an ecological
context. In general, there is little evidence of magnetic disruption leading to deficits in
orientation and navigation performance in field studies.

(5) There is high variability and inconsistency in the results of orientation and navigation
studies in general, especially when using different species or at different locations. This low
level of repeatability, reproducibility and replicability might largely be attributed to high
natural variability in the use of magnetic cues among birds with different migratory strategies
(e.g. short-distance migrants versus long-distance migrants), species, populations, locations,
individuals, and even within an individual (e.g. due to experience, health status, etc.), or to
subtle differences in experimental design or experimenters. This variability and the
contradictory results found in many studies make it difficult to draw general conclusions
regarding how wild songbirds use magnetic cues for their migratory decisions.

(6) We hope that this review encourages researchers to improve the design of future
orientation and navigation experiments on all bird taxa by carefully considering the migration

ecology of the focal species. Furthermore, we hope that we have illustrated how the
28
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appropriate interpretation of orientation and navigation studies can only be made in the

context of the species-specific migration ecology.

VI. ACKNOWLEDGEMENTS

The authors declare that they have no competing interests. Funding was provided by the
Deutsche Forschungsgemeinschaft (DFG) within the Sonderforschungsbereich (SFB) 1372
‘Magnetoreception and Navigation in Vertebrates’ (project number 395940726) to H.S. and
F.B. employing T.K. and A.P. We would like to thank Florian Packmor for help with map

creation, Zephyr Ziist for language editing and Miriam Liedvogel for helpful comments.

VII. AUTHOR CONTRIBUTIONS
T.K. wrote the initial draft of the manuscript with input from H.S. All authors provided
substantial input to the content and edited the manuscript. H.S. supervised the process. All

authors read and approved the final version.

VIII. REFERENCES
References identified with an asterisk (*) are cited only within the online Supporting
Information.

ABLE, K. P. (1982a). The effects of overcast skies on the orientation of free-flying nocturnal
migrants. In Avian Navigation. Proceedings in Life Sciences (eds F. Papi and H. G.
Wallraft), pp. 38—49. Springer, Berlin, Heidelberg.

*ABLE, K. P. (19825). Field studies of avian nocturnal migratory orientation I. Interaction of
sun, wind and stars as directional cues. Animal Behaviour 30, 761-767.

*ABLE, K. P. (1982c¢). Skylight polarization patterns at dusk influence migratory orientation in
birds. Nature 299(5883), 550-551.

*ABLE, K. P. (1989). Skylight polarization patterns and the orientation of migratory birds.
Journal of Experimental Biology 141(1), 241-256.

ABLE, K. P. & ABLE, M. A. (1993). Daytime calibration of magnetic orientation in a migratory
bird requires a view of skylight polarization. Nature 364, 523-525.

*ABLE, K. P. & ABLE, M. A. (1995). Interactions in the flexible orientation system of a
migratory bird. Nature 375, 230-232.

* AKESSON, S. & BACKMANN, J. (1999). Orientation in pied flycatchers: the relative
importance of magnetic and visual information at dusk. Animal Behaviour 57, 819-
828.

29



AKESSON, S. & HEDENSTROM, A. (2007). How migrants get there: migratory performance and
orientation. BioScience 57(2), 123—133.

*AKESSON, S., JONZEN, N., PETTERSSON, J., RUNDBERG, M. & SANDBERG, R. (2006). Effects
of magnetic manipulations on orientation: comparing diurnal and nocturnal passerine
migrants on Capri, Italy in autumn. Ornis Svecica 16, 55-61.

AKESSON, S., KARLSSON, L., WALINDER, G. & ALERSTAM, T. (1996). Bimodal orientation and
the occurrence of temporary reverse bird migration during autumn in south
Scandinavia. Behavioral Ecology and Sociobiology 38(5), 293-302.

AKESSON, S., MORIN, J., MUHEIM, R. & OTTOSON, U. (2001). Avian orientation at steep angles
of inclination: experiments with migratory white-crowned sparrows at the magnetic
North Pole. Proceedings of the Royal Society London B 268, 1907-1913.

AKESSON, S., MORIN, J., MUHEIM, R. & OTTOSSON, U. (2005). Dramatic orientation shift of
white-crowned sparrows displaced across longitudes in the high arctic. Current
Biology 15, 1591-1597.

ALERSTAM, T. (1987). Bird migration across a strong magnetic anomaly. Journal of
Experimental Biology 130, 63—86.

ALERSTAM, T. (1990). Bird Migration. Cambridge University Press, Cambridge.

ALERSTAM, T. & LINDSTROM, A. (1990). Optimal bird migration: the relative importance of
time, energy and safety. Bird migration: Physiology and Ecophysiology 331, 351.

BAIRLEIN, F. (1991). Body mass of Garden Warblers (Sylvia borin) on migration: a review of
field data. Vogelwarte 36, 48—61.

BAIRLEIN, F. (1993). Ecophysiological problems of Arctic migrants in the hot Tropics.
Annalen - Koninklijk Museum voor Midden-Afrika. Zoologische Wetenschappen 571—
578.

BAIRLEIN, F., DIERSCHKE, J., DIERSCHKE, V., SALEWSKI, V., GEITER, O., HUPPOP, K., KOPPEN,
U. & FIEDLER, W. (2014). Atlas des Vogelzugs. Ringfunde deutscher Brut- und
Gastvogel. AULA-Verlag, Wiebelsheim.

BAIRLEIN, F. & GWINNER, E. (1994). Nutritional mechanisms and temporal control of
migratory energy accumulation in birds. Annual Review of Nutrition 14, 187-215.

BAYLY, N.J. (2007). Extreme fattening by sedge warblers, Acrocephalus schoenobaenus, is
not triggered by food availability alone. Animal Behaviour 74, 471—479.

BAYLY, N.J., GOMEZ, C. & HOBSON, K. A. (2013). Energy reserves stored by migrating Gray-
cheeked Thrushes Catharus minimus at a spring stopover site in northern Colombia
are sufficient for a long-distance flight to North America. /bis 155(2), 271-283.

*BEASON, R. C., DUSSOURD, N. & DEUTSCHLANDER, M. E. (1995). Behavioural evidence for
the use of magnetic material in magnetoreception by a migratory bird. Journal of
Experimental Biology 198, 141-146.

BEASON, R. C. & SEMM, P. (1996). Does the avian ophthalmic nerve carry magnetic
navigational information? Journal of Experimental Biology 199(5), 1241-1244.

*BECK, W. & WILTSCHKO, W. (1986). Magnetic factors control the migratory direction of
pied flycatchers (Ficedula hypoleuca Pallas). In Acta XIX Congressus Internationalis
Ornithologici, vol. 11.

BENITEZ-PAEZ, F., DA SILVA BRUM-BASTOS, V., BEGGAN, C. D., LONG, J. A. & DEMSAR, U.
(2021). Fusion of wildlife tracking and satellite geomagnetic data for the study of
animal migration. Movement Ecology 9(1), 1-19.

BERTHOLD, P. (1973). Relationships between migratory restlessness and migration distance in
six Sylvia species. Ibis 115, 594-599.

BERTHOLD, P. (1991). Spatiotemporal programmes and genetics of orientation. Orientation in
Birds 60, 86—-105.

BERTHOLD, P. (1996). Control of bird migration. Chapman and Hall, London.

-30-



BIEBACH, H. (1985). Sahara stopover in migratory flycatchers: fat and food affect the time
program. Experientia 41, 695-697.

BIEBACH, H., FRIEDRICH, W. & HEINE, G. (1986). Interaction of bodymass, fat, foraging and
stopover period in trans-Sahara migrating passerine birds. Oecologia 69, 370-379.

*BINGMAN, V. P. & WILTSCHKO, W. (1988). Orientation of Dunnocks (Prunella modularis) at
sunset. Ethology 77, 1-9.

BLOXHAM, J. & GUBBINS, D. (1985). The secular variation of Earth's magnetic field. Nature
317, 777-781.

*BOJARINOVA, J., KAVOKIN, K., FEDORISHCHEVA, A., SANNIKOV, D., CHERBUNIN, R.,
PAKHOMOV, A. & CHERNETSOV, N. (2023). Oscillating magnetic field does not disrupt
orientation in the presence of stellar cues in an avian migrant. Journal of Ornithology,
1-8.

*BOJARINOVA, J., KAVOKIN, K., PAKHOMOV, A., CHERBUNIN, R., ANASHINA, A., EROKHINA,
M., ERSHOVA, M. & CHERNETSOV, N. (2020). Magnetic compass of garden warblers is
not affected by oscillating magnetic fields applied to their eyes. Scientific Reports
10(1), 1-6.

BOSTROM, J. E., AKESSON, S. & ALERSTAM, T. (2012a). Where on earth can animals use a
geomagnetic bi-coordinate map for navigation? Ecography 35(11), 1039-1047.

*BOSTROM, J. E., FRANSSON, T., HENSHAW, 1., JAKOBSSON, S., KULLBERG, C. & AKESSON, S.
(2010). Autumn migratory fuelling: a response to simulated magnetic displacements in
juvenile wheatears, Oenanthe oenanthe. Behavioral Ecology and Sociobiology 64,
1725-1732.

*BOSTROM, J. E., KULLBERG, C. & AKESSON, S. (20125). Northern magnetic displacements
trigger endogenous fuelling responses in a naive bird migrant. Behavioral Ecology and
Sociobiology 66, 819-821.

BRIDGE, E. S., THORUP, K., BOWLIN, M. S., CHILSON, P. B., DIEHL, R. H., FLERON, R. W.,
HARTL, P., KAYS, R., KELLY, J. F., ROBINSON, W. D. & WIKELSKI, M. (2011).
Technology on the move: Recent and forthcoming innovations for tracking migratory
birds. BioScience 61, 689—698.

BROWN, J. M. & TAYLOR, P. D. (2015). Adult and hatch-year blackpoll warblers exhibit
radically different regional-scale movements during post-fledging dispersal. Biology
Letters 11(12), 20150593.

BROWN, J. M. & TAYLOR, P. D. (2017). Migratory blackpoll warblers (Setophaga striata)
make regional-scale movements that are not oriented toward their migratory goal
during fall. Movement Ecology 5, 15.

BRUDERER, B. (1994). Nocturnal bird migration in the Negev (Israel) - a tracking radar study.
Ostrich 65, 204-212.

BRUDERER, B. & LIECHTI F. (1998). Flight behaviour of nocturnally migrating birds in coastal
areas - crossing or coasting. Journal of Avian Biology 29, 499-507.

BULTE, M., HEYERS, D., MOURITSEN, H. & BAIRLEIN, F. (2017). Geomagnetic information
modulates nocturnal migratory restlessness but not fueling in a long distance
migratory songbird. Journal of Avian Biology 48(1), 75-82.

CASPER, R. M. (2009). Guidelines for the instrumentation of wild birds and mammals.

CHERNETSOV, N., KISHKINEV, D., GASHKOV, S., KOSAREV, V. & BOLSHAKOV, C. V. (2008a).
Migratory programme of juvenile pied flycatchers, Ficedula hypoleuca, from Siberia
implies a detour around Central Asia. Animal Behaviour 75(2), 539-545.

CHERNETSOV, N., KISHKINEV, D., KOSAREV, V. & BOLSHAKOV, C. V. (2011). Not all
songbirds calibrate their magnetic compass from twilight cues: a telemetry study.
Journal of Experimental Biology 214, 2540-2543.

-31-



CHERNETSOV, N., KISHKINEV, D. & MOURITSEN, H. (2008b). A long-distance avian migrant
compensates for longitudinal displacement during spring migration. Current Biology
18(3), 188-190.

CHERNETSOV, N., PAKHOMOV, A., DAVYDOV, A., CELLARIUS, F. & MOURITSEN, H. (2020). No
evidence for the use of magnetic declination for migratory navigation in two songbird
species. PLoS One 15(4), €0232136.

CHERNETSOV, N., PAKHOMOV, A., KOBYLKOV, D., KISHKINEV, D., HOLLAND, R. A. &
MOURITSEN, H. (2017). Migratory Eurasian reed warblers can use magnetic
declination to solve the longitude problem. Current Biology 27(17), 2647-2651.

COCHRAN, W. W., MOURITSEN, H. & WIKELSKI, M. (2004). Migrating songbirds recalibrate
their magnetic compass daily from twilight cues. Science 304, 405—408.

DELINGAT, J., BAIRLEIN, F. & HEDENSTROM, A. (2008). Obligatory barrier crossing and
adaptive fuel management in migratory birds: the case of the Atlantic crossing in
Northern Wheatears (Oenanthe oenanthe). Behavioral Ecology and Sociobiology 62,
1069-1078.

DELINGAT, J., DIERSCHKE, V., SCHMALJOHANN, H., MENDEL, B. & BAIRLEIN, F. (2006). Daily
stopovers as optimal migration strategy in a long-distance migrating passerine: the
Northern Wheatear Oenanthe oenanthe. ARDEA-WAGENINGEN- 94(3), 593.

DIERSCHKE, V. & DELINGAT, J. (2003). Stopover of Northern Wheatears Oenanthe oenanthe
at Helgoland: where do the migratory routes of Scandinavian and Nearctic birds join
and split? Ornis Svecica 13, 53-61.

DIERSCHKE, V., MENDEL, B. & SCHMALJOHANN, H. (2005). Differential timing of spring
migration in northern wheatears Oenanthe oenanthe: hurried males or weak females?
Behavioral Ecology and Sociobiology 57, 470—480.

EIKENAAR, C., HESSLER, S. & HEGEMANN, A. (2020a). Migrating birds rapidly increase
constitutive immune function during stopover. Royal Society Open Science 7(2),
192031.

EIKENAAR, C., KLINNER, T., SZOSTEK, K. L. & BAIRLEIN, F. (2014). Migratory restlessness in
captive individuals predicts actual departure in the wild. Biology Letters 10(4),
20140154.

EIKENAAR, C., OSTOLANI, A., BRUST, V., KARWINKEL, T., SCHMALJOHANN, H. & ISAKSSON, C.
(2023). The oxidative balance and stopover departure decisions in a medium-and a
long-distance migrant. Movement Ecology 11(1), 7.

EIKENAAR, C., SCHAEFER, J., HESSLER, S., PACKMOR, F. & SCHMALJOHANN, H. (2020b). Diel
variation in corticosterone and departure decision making in migrating birds.
Hormones and Behaviors 122, 104746.

EIKENAAR, C., WINSLOTT, E., HESSLER, S. & ISAKSSON, C. (2020c¢). Oxidative damage to
lipids is rapidly reduced during migratory stopovers. Functional Ecology 34, 1215—
1222.

ELBERS, D., BULTE, M., BAIRLEIN, F., MOURITSEN, H. & HEYERS, D. (2017). Magnetic
activation in the brain of the migratory northern wheatear (Oenanthe oenanthe).
Journal of Comparative Physiology A 203(8), 591-600.

EMLEN, S. T. (1970a). Celestial rotation: its importance in the development of migratory
orientation. Science 170, 1198-1201.

EMLEN, S. T. (1970b). The influence of magnetic information on the orientation of the Indigo
Bunting, Passerina cyanea. Animal Behaviour 18, 215-224.

EMLEN, S. T. & EMLEN, J. T. (1966). A technique for recording migratory orientation of
captive birds. The Auk 83, 361-367.

ENGELS, S., SCHNEIDER, N.-L., LEFELDT, N., HEIN, C. M., ZAPKA, M., MICHALIK, A., ELBERS,
D.,KITTEL, A., HORE, P. J. & MOURITSEN, H. (2014). Anthropogenic electromagnetic
noise disrupts magnetic compass orientation in a migratory bird. Nature 509, 353-356.

-32-



FiTAK, R. R., WHEELER, B. R., ERNST, D. A., LOHMANN, K. J., & JOHNSEN, S. (2017).
Candidate genes mediating magnetoreception in rainbow trout (Oncorhynchus
mykiss). Biology Letters, 13(4), 20170142.

FORTIN, D., LIECHTL F. & BRUDERER, B. (1999). Variation in the nocturnal flight behaviour of
migratory birds along the northwest coast of the Mediterranean Sea. Ibis 141, 480—
488.

*FRANSSON, T., BARBOUTIS, C., MELLROTH, R. & AKRIOTIS, T. (2008). When and where to
fuel before crossing the Sahara desert—extended stopover and migratory fuelling in
first-year garden warblers Sylvia borin. Journal of Avian Biology 39(2), 133-138.

FRANSSON, T., JAKOBSSON, S., JOHANSSON, P., KULLBERG, C., LIND, J. & VALLIN, A. (2001).
Magnetic cues trigger extensive refuelling. Nature 414, 35-36.

FRANSSON, T. & WEBER, T. P. (1997). Migratory fueling in blackcaps (Sylvia atricapilla)
under perceived risk of predation. Behavioral Ecology Sociobiology 41, 75-80.

*GAGGINL, V., BALDACCINI, N. E., SPINA, F. & GIUNCHI, D. (2010). Orientation of the pied
flycatcher Ficedula hypoleuca: cue-conflict experiments during spring migration.
Behavioral Ecology and Sociobiology 64, 1333-1342.

GAGLIARDO, A. (2013). Forty years of olfactory navigation in birds. Journal of Experimental
Biology 216(12), 2165-2171.

GAGLIARDO, A., BRIED, J., LAMBARDI, P., LUSCHI, P., WIKELSKI, M. & BONADONNA, F.
(2013). Oceanic navigation in Cory's shearwaters: evidence for a crucial role of
olfactory cues for homing after displacement. Journal of Experimental Biology
216(15), 2798-2805.

*GIUNCHI, D., VANNI, L., BALDACCINI, N. E., SPINA, F. & BIONDI, F. (2015). New cue-conflict
experiments suggest a leading role of visual cues in the migratory orientation of Pied
Flycatchers Ficedula hypoleuca. Journal of Ornithology 156, 113-121.

GREEN, M., ALERSTAM, T., CLAUSEN, P., DRENT, R. & EBBINGE, B. S. (2002). Dark-bellied
Brent Geese Branta bernicla bernicla, as recorded by satellite telemetry, do not
minimize flight distance during spring migration. /bis 144(1), 106—121.

GRIFFIN, D. R. (1952). Bird navigation. Biological Reviews 27(4), 359-390.

GRIFFIN, D. R. (1973). Oriented bird migration in or between opaque cloud layers.
Proceedings of the American Philosophical Society 117(2), 117-141.

GWINNER, E., SCHWABL, H. & SCHWABL-BENZINGER, L. (1988). Effects of food-deprivation on
migratory restlessness and diurnal activity in the garden warbler Sylvia borin.
Oecologia 77, 321-326.

HARVEY, P. H., GREENWOOD, P. J., CAMPBELL, B. & STENNING, M. J. (1984). Breeding
dispersal of the Pied Flycatcher (Ficedula hypoleuca). Journal of Animal Ecology
83(3), 727-736.

HELBIG, A.J. (1991). Inheritance of migratory direction in a bird species: a cross-breeding
experiment with SE- and SW-migrating blackcaps (Sylvia atricapilla). Behavioral
Ecology and Sociobiology 28, 9—12.

*HELBIG, A. J. & WILTSCHKO, W. (1989). The skylight polarization patterns at dusk affect the
orientation behavior of Blackcaps, Sylvia atricapilla. Naturwissenschaften 76, 227-
229.

HENSHAW, 1., FRANSSON, T., JAKOBSSON, S., JENNI-EIERMANN, S. & KULLBERG, C. (2009).
Information from the geomagnetic field triggers a reduced adrenocortical response in a
migratory bird. Journal of Experimental Biology 212(18), 2902-2907.

HENSHAW, 1., FRANSSON, T., JAKOBSSON, S. & KULLBERG, C. (2010). Geomagnetic field
affects spring migratory direction in a long distance migrant. Behavioral Ecology and
Sociobiology 64(8), 1317-1323.

HENSHAW, 1., FRANSSON, T., JAKOBSSON, S., LIND, J., VALLIN, A. & KULLBERG, C. (2008).
Food intake and fuel deposition in a migratory bird is affected by multiple as well as

-33-



single-step changes in the magnetic field. Journal of Experimental Biology 211, 649—
653.

HEYERS, D., ZAPKA, M., HOFFMEISTER, M., WILD, J. M. & MOURITSEN, H. (2010). Magnetic
field changes activate the trigeminal brainstem complex in a migratory bird.
Proceedings of the National Academy of Sciences 107(20), 9394-9399.

HILGERLOH, G., WEINBECKER, J. & ZEHTINDJIEV, P. (2006). Autumn migration of passerine
long-distance migrants in northern Morocco observed by moon-watching. Ringing &
Migration 23, 53-56.

HOLLAND, R. A. (2003). The role of visual landmarks in the avian familiar area map. Journal
of Experimental Biology 206(11), 1773—-1778.

HOLLAND, R. A. (2010). Differential effects of magnetic pulses on the orientation of naturally
migrating birds. Journal of The Royal Society Interface 7(52), 1617-1625.

HOLLAND, R. A. (2014). True navigation in birds: from quantum physics to global migration.
Journal of Zoology 293(1), 1-15.

HOLLAND, R. A. & HELM, B. (2013). A strong magnetic pulse affects the precision of
departure direction of naturally migrating adult but not juvenile birds. Journal of The
Royal Society Interface 10(81), 20121047.

HoLLAND, R. A., THORUP, K., GAGLIARDO, A., BISSON, I. A., KNECHT, E., MIZRAHI, D. &
WIKELSKI, M. (2009). Testing the role of sensory systems in the migratory heading of
a songbird. Journal of Experimental Biology 212(24), 4065—4071.

HORE, P. J. & MOURITSEN, H. (2016). The Radical-Pair Mechanism of Magnetoreception.
Annual Review of Biophysics 45(1), 299-344.

*ILIEVA, M., BIANCO, G. & AKESSON, S. (2016). Does migratory distance affect fuelling in a
medium-distance passerine migrant?: results from direct and step-wise simulated
magnetic displacements. Biology Open 5(3), 272-8.

*ILIEVA, M., BIANCO, G. & AKESSON, S. (2018). Effect of geomagnetic field on migratory
activity in a diurnal passerine migrant, the dunnock, Prunella modularis. Animal
Behaviour 146, 79-85.

JENNI, L. & SCHAUB, M. (2003). Behavioural and Physiological Reactions to Environmental
Variation in Bird Migration: a review. In Avian Migration. (eds P. Berthold, E.
Gwinner and E. Sonnenschein), pp. 155—-171. Springer, Berlin Heidelberg.

JUNGERMAN, R. L. & ROSENBLUM, B. (1980). Magnetic induction for the sensing of magnetic
fields by animals—an analysis. Journal of Theoretical Biology 87(1), 25-32.

KARWINKEL, T., WINKLHOFER, M., CHRISTOPH, P., ALLENSTEIN, D., HUPPOP, O., BRUST, V.,
BAIRLEIN, F. & SCHMALJOHANN, H. (2022a). No apparent effect of a magnetic pulse
on free-flight behaviour in northern wheatears (Oenanthe oenanthe) at a stopover site.
Journal of The Royal Society Interface 19(187), 20210805.

KARWINKEL, T., WINKLHOFER, M., JANNER, L. E., BRUST, V., HUPPOP, O., BAIRLEIN, F. &
SCHMALJOHANN, H. (2022b). A magnetic pulse does not affect free-flight navigation
behaviour of a medium-distance songbird migrant in spring. Journal of Experimental
Biology 225(19), jeb244473.

KEETON, W. T. (1971). Magnets interfere with pigeon homing. Proceedings of the National
Academy of Sciences 68(1), 102—106.

KIRSCHVINK, J. L. (1992). Uniform magnetic fields and double-wrapped coil systems:
Improved techniques for the design of bioelectromagnetic experiments.
Bioelectromagnetics 13(5), 401-411.

KISHKINEV, D. (2015). Sensory mechanisms of long-distance navigation in birds: a recent
advance in the context of previous studies. Journal of Ornithology 156(S1), 145-161.

KISHKINEV, D., ANASHINA, A., ISHCHENKO, I. & HOLLAND, R. A. (2020). Anosmic migrating
songbirds demonstrate a compensatory response following long-distance translocation:
a radio-tracking study. Journal of Ornithology 161(1), 47-57.

-34-



KISHKINEV, D., CHERNETSOV, N., HEYERS, D. & MOURITSEN, H. (2013). Migratory reed
warblers need intact trigeminal nerves to correct for a 1,000 km eastward
displacement. PLoS One 8(6), ¢65847.

KISHKINEV, D., CHERNETSOV, N. & MOURITSEN, H. (2010). A Double-Clock or Jetlag
Mechanism is Unlikely to be Involved in Detection of East—West Displacements in a
Long-Distance Avian Migrant. The Auk 127(4), 773-780.

KISHKINEV, D., CHERNETSOV, N., PAKHOMOV, A., HEYERS, D. & MOURITSEN, H. (2015).
Eurasian reed warblers compensate for virtual magnetic displacement. Current
Biology 25(19), R822-R824.

KISHKINEV, D., HEYERS, D., WOODWORTH, B. K., MITCHELL, G. W., HOBSON, K. A. &
NORRIS, D. R. (2016). Experienced migratory songbirds do not display goal-ward
orientation after release following a cross-continental displacement: an automated
telemetry study. Scientific Reports 6(1), 1-9.

KISHKINEV, D., PACKMOR, F., ZECHMEISTER, T., WINKLER, H. C., CHERNETSOV, N.,
MOURITSEN, H. & HOLLAND, R. A. (2021). Navigation by extrapolation of
geomagnetic cues in a migratory songbird. Current Biology 31(7), 1563—1569.

KLINNER, T., BUDDEMEIER, J., BAIRLEIN, F. & SCHMALJOHANN, H. (2020). Decision-making
in migratory birds at stopover: an interplay of energy stores and feeding conditions.
Behavioral Ecology and Sociobiology 74, 1-14.

*KOBYLKOV, D., WYNN, J., WINKLHOFER, M., CHETVERIKOVA, R., XU, J., HISCOCK, H., HORE,
P. & MOURITSEN, H. (2019). Electromagnetic 0.1-100 kHz noise does not disrupt
orientation in a night-migrating songbird implying a spin coherence lifetime of less
than 10 ps. Journal of The Royal Society Interface 16(161), 20190716.

KOMENDA-ZEHNDER, S., LIECHTL F. & BRUDERER, B. (2002). Is reverse migration a common
feature of nocturnal bird migration? - an analysis of radar data from Israel. Ardea
90(2), 325-334.

KULLBERG, C., HENSHAW, I., JAKOBSSON, S., JOHANSSON, P. & FRANSSON, T. (2007). Fuelling
decisions in migratory birds: geomagnetic cues override the seasonal effect.
Proceedings of the Royal Society London B 274, 2145-2151.

KULLBERG, C., LIND, J., FRANSSON, T., JAKOBSSON, S. & VALLIN, A. (2003). Magnetic cues
and time of season affect fuel deposition in migratory thrush nightingales (Luscinia
luscinia). Proceedings of the Royal Society London B 270, 373-378.

LANDLER, L., PAINTER, M. S., YOUMANS, P. W., HOPKINS, W. A. & PHILLIPS, J. B. (2015).
Spontaneous magnetic alignment by yearling snapping turtles: rapid association of
radio frequency dependent pattern of magnetic input with novel surroundings. PLoS
One 10(5), e0124728.

LARKIN, T. S. & KEETON, W. T. (1976). Bar magnets mask the effect of normal magnetic
disturbances on pigeon orientation. Journal of Comparative Physiology 110(3), 227—
231.

*LEBERECHT, B., KOBYLKOV, D., KARWINKEL, T., DOGE, S., BURNUS, L., WONG, S. Y., APTE,
S., HAASE, K., MUSIELAK, I. & CHETVERIKOVA, R. (2022). Broadband 75-85 MHz
radiofrequency fields disrupt magnetic compass orientation in night-migratory
songbirds consistent with a flavin-based radical pair magnetoreceptor. Journal of
Comparative Physiology A 208(1), 97-106.

LEBERECHT, B., WONG, S. Y., SATISH, B., DOGE, S., HINDMAN, J., VENKATRAMAN, L., APTE,
S., HAASE, K., MUSIELAK, I. & DAUTAJ, G. (2023). Upper bound for broadband
radiofrequency field disruption of magnetic compass orientation in night-migratory
songbirds. Proceedings of the National Academy of Sciences 120(28), €2301153120.

LEFELDT, N., DREYER, D., SCHNEIDER, N. L., STEENKEN, F. & MOURITSEN, H. (2015).
Migratory blackcaps tested in Emlen funnels can orient at 85 degrees but not at 88
degrees magnetic inclination. Journal of Experimental Biology 218(2), 206-211.

-35-



LIECHTL F. (2001). Calibrating the moon-watching method - chances and limits. Avian
Ecology and Behaviour 7, 27-40.

LIECHTIL, F., BRUDERER, B. & PAPROTH, H. (1995). Quantification of nocturnal bird migration
by moonwatching: comparison with radar and infrared observations. Journal of Field
Ornithology 66, 457—-468.

LIECHTL, F., PETER, D., LARDELLI, R. & BRUDERER, B. (1996). Die Alpen, ein Hindernis im
nichtlichen Breitfrontzug - eine groBriumige Ubersicht nach Mondbeobachtungen.
Journal fiir Ornithologie 137, 337-356.

LINSCOTT, J. A. & SENNER, N. R. (2021). Beyond refueling: Investigating the diversity of
functions of migratory stopover events. 7he Condor 123(1), duaa074.

Liu, X. & CHERNETSOV, N. (2012). Avian orientation: multi-cue integration and calibration of
compass systems. Chinese Birds 3(1), 1-8.

LOHMANN, K. J., GOFORTH, K. M., MACKIEWICZ, A. G., LM, D. S. & LOHMANN, C. M. F.
(2022). Magnetic maps in animal navigation. Journal of Comparative Physiology A,
208, 41-67.

LoHMANN, K. J. & JOHNSEN, S. (2000). The neurobiology of magnetoreception in vertebrate
animals. Trends in neurosciences 23(4), 153—159.

LoHMANN, K. J. & LOHMANN, C. M. (1996). Detection of magnetic field intensity by sea
turtles. Nature 380(6569), 59—61.

LOHMUS, M., SANDBERG, R., HOLBERTON, R. L. & MOORE, F. R. (2003). Corticosterone levels
in relation to migratory readiness in red-eyed vireos (Vireo olivaceus). Behavioral
Ecology and Sociobiology 54(3), 233-239.

MALKEMPER, E. P., KAGERBAUER, D., USHAKOVA, L., NIMPF, S., PICHLER, P., TREIBER, C. D.,
DE JONGE, M., SHAW, J. & KEAYS, D. A. (2019). No evidence for a magnetite-based
magnetoreceptor in the lagena of pigeons. Current Biology 29(1), R14-R15.

MASSA, B., I0ALE, S. B. P., Lo VALVO, M. & PAPL F. (1991). Homing of Cory's shearwaters
(Calonectris diomedea) carrying magnets. ltalian Journal of Zoology 58(3), 245-247.

MCKINNON, E. A. & LOVE, O. P. (2018). Ten years tracking the migrations of small landbirds:
Lessons learned in the golden age of bio-logging. The Auk: Ornithological Advances
135(4), 834-856.

MCLAREN, J. D., SCHMALJOHANN, H. & BLASIUS, B. (2022). Predicting performance of naive
migratory animals, from many wrongs to self-correction. Communications Biology
5(1), 1-16.

MCLAREN, J. D., SCHMALJOHANN, H. & BLASIUS, B. (2023). Gauge-and-compass migration:
inherited magnetic headings and signposts can adapt to changing geomagnetic
landscapes. Movement Ecology 11(1), 37.

MERKEL, F. & FROMME, H. (1958). Untersuchungen iiber das Orientierungsvermogen
néchtlich ziehender Rotkehlchen (Erithacus rubecula). Naturwissenschaften 45, 499—
500.

MERKEL, F. W. (1958). Untersuchungen iiber das Orientierungsvermdgen néchtlich ziehender
Rotkehlchen (Erithacus rubecula). Die Naturwissenschaften 45(20), 499-500.

MERKEL, F. W. & WILTSCHKO, W. (1965). Magnetismus und Richtungsfinden zugunruhiger
Rotkehlchen (Erithacus rubecula). Vogelwarte 23, 71-717.

MERRITT, R., PURCELL, C. & STROINK, G. (1983). Uniform magnetic field produced by three,
four, and five square coils. Review of Scientific Instruments 54(7), 879—-882.

MEWALDT, L. R. (1964). California sparrows return from displacement to Maryland. Science
146(3646), 941-942.

MEWALDT, L. R., COWLEY, L. T. & WON, P.-O. (1973). California sparrows fail to return from
displacement to Korea. The Auk 90(4), 857-861.

MILNER-GULLAND, E. J., FRYXELL, J. M. & SINCLAIR, A. R. (2011). Animal migration: a
synthesis. Oxford University Press, UK.

-36-



MIRZAEI G., MAJID, M. W., R0OSS, J., JAMALIL, M. M., GORSEVSKI, P. V., FR1ZADO, J. P. &
BINGMAN, V. P. (2012). Avian detection & tracking algorithm using infrared imaging.
In 2012 IEEE International Conference on Electro/Information Technology, pp. 1-4.
IEEE.

MOORE, F. R. (1985). Integration of environmental stimuli in the migratory orientation of the
savannah sparrow (Passerculus sandwichensis). Animal Behaviour 33(2), 657-663.

*MOORE, F. R. (1986). Sunrise, skylight polarization, and the early morning orientation of
night-migrating warblers. The Condor 88, 493-498.

MOORE, F. R. (1987a). Moonlight and the migratory orientation of savannah sparrows
(Passerculus sandwichensis). Ethology 75(2), 155-162.

MOORE, F. R. (1987b). Sunset and the orientation behaviour of migrating birds. Biological
Reviews 62, 65-86.

*MOORE, F. R. & PHILLIPS, J. B. (1988). Sunset, skylight polarization and the migratory
orientation of yellow-rumped warblers, Dendroica coronata. Animal Behaviour 36,
1770-1778.

MOORE, F. R. & YONG, W. (1991). Evidence of food-based competition among passerine
migrants during stopover. Behavioral Ecology and Sociobiology 28, 83-90.

MOURITSEN, H. (1998a). Modelling migration: the clock-and-compass model can explain the
distribution of ringing recoveries. Animal Behaviour 56, 899—907.

MOURITSEN, H. (1998b). Redstarts, Phoenicurus phoenicurus, can orient in a true-zero
magnetic field. Animal Behaviour 55, 1311-1324.

MOURITSEN, H. (2018). Long-distance navigation and magnetoreception in migratory animals.
Nature 558(7708), 50-59.

MOURITSEN, H., FEENDERS, G., LIEDVOGEL, M. & KrROPP, W. (2004). Migratory birds use
head scans to detect the direction of the Earth's magnetic field. Current Biology 14,
1946-1949.

MOURITSEN, H., HUYVAERT, K. P., FROST, B. J. & ANDERSON, D. J. (2003). Waved albatrosses
can navigate with strong magnets attached to their head. Journal of Experimental
Biology 206(22), 4155-4166.

MOURITSEN, H. & LARSEN, O. N. (1998). Migrating young pied flycatchers Ficedula
hypoleuca do not compensate for geographical displacements. Journal of
Experimental Biology 201, 2927-2934.

MOURITSEN, H. & LARSEN, O. N. (2001). Migrating songbirds tested in computer-controlled
Emlen funnels use stellar cues for a time-independent compass. Journal of
Experimental Biology 204, 3855-3865.

MOURITSEN, H. & MOURITSEN, O. (2000). A mathematical expectation model for bird
navigation based on the clock-and-compass strategy. Journal of Theoretical Biology
207, 283-291.

*MUHEIM, R., AKESSON, S. & PHILLIPS, J. B. (2008). Response to R. Wiltschko et al. (J.
Ornithol.): Contradictory results on the role of polarized light in compass calibration
in migratory songbirds. Journal of Ornithology 149, 659-662.

MUHEIM, R., HENSHAW, 1., SJOBERG, S. & DEUTSCHLANDER, M. E. (2014). BirdOriTrack: A
new video-tracking program for orientation research with migratory birds. Journal of
Field Ornithology 85, 91-105.

*MUHEIM, R., MOORE, F. R. & PHILLIPS, J. B. (2006a). Calibration of magnetic and celestial
compass cues in migratory birds - a review of cue-conflict experiments. Journal of
Experimental Biology 209, 2-17.

MUHEIM, R., PHILLIPS, J. B. & AKESSON, S. (2006b). Polarized light cues underlie compass
calibration in migratory songbirds. Science 313, 837-839.

-37-



MULLER, F., EIKENAAR, C., CRYSLER, Z. J., TAYLOR, P. D. & SCHMALJOHANN, H. (2018).
Nocturnal departure timing in songbirds facing distinct migratory challenges. Journal
of Animal Ecology 87(4), 1102—1115.

MULLER, F., TAYLOR, P. D., SIOBERG, S., MUHEIM, R., TSVEY, A. & SCHMALJOHANN, H.
(2016). Towards a conceptual framework for explaining variation in the nocturnal
departure time of songbird migrants. Movement Ecology 4, 24.

MUNRO, U., MUNRO, J. A. & PHILLIPS, J. B. (1997a). Evidence for a magnetite-based
navigational "map" in birds. Naturwissenschaften 84, 26-28.

MUNRO, U., MUNRO, J. A., PHILLIPS, J. B. & WILTSCHKO, W. (1997b). Effect of wavelength of
light and pulse magnetisation on different magnetoreception systems in a migratory
bird. Australian Journal of Zoology 45(2), 189—198.

NCEI GEOMAGNETIC MODELING TEAM; BRITISH GEOLOGICAL SURVEY. (2019). World
Magnetic Model 2020. NOAA National Centers for Environmental Information.

NEWTON, L. (2008). The Migration Ecology of Birds. Academic Press, London.

NIEVERGELT, F., LIECHTI, F. & BRUDERER, B. (1999). Migratory directions of free-flying birds
versus orientation in registration cages. Journal of Experimental Biology 202, 2225—
2231.

NILSSON, C., KLAASSEN, R. H. & ALERSTAM, T. (2013). Differences in speed and duration of
bird migration between spring and autumn. The American Naturalist 181(6), 837—845.

NILSSON, C. & SIOBERG, S. (2016). Causes and characteristics of reverse bird migration: an
analysis based on radar, radio tracking and ringing at Falsterbo, Sweden. Journal of
Avian Biology 47(3), 354-362.

NIMPF, S. & KEAYS, D. A. (2022). Myths in magnetosensation. Iscience 25, 104454,

NIMPF, S., NORDMANN, G. C., KAGERBAUER, D., MALKEMPER, E. P., LANDLER, L., PAPADAKI-
ANASTASOPOULOU, A., USHAKOVA, L., WENNINGER-WEINZIERL, A., NOVATCHKOVA,
M. & VINCENT, P. (2019). A putative mechanism for magnetoreception by
electromagnetic induction in the pigeon inner ear. Current Biology 29(23), 4052—
4059.

ObpuM, E. P. (1963). Lipid levels in birds preparing to cross the Sahara. /bis 105, 109—-111.

PACKMOR, F., KISHKINEV, D., BITTERMANN, F., KOFLER, B., MACHOWETZ, C., ZECHMEISTER,
T.,ZAWADZKI, L. C., GUILFORD, T. & HOLLAND, R. A. (2021). A magnet attached to
the forehead disrupts magnetic compass orientation in a migratory songbird. Journal
of Experimental Biology 224(22), jeb243337.

PACKMOR, F., KLINNER, T., WOODWORTH, B. K., EIKENAAR, C. & SCHMALJOHANN, H. (2020).
Stopover departure decisions in songbirds: do long-distance migrants depart earlier
and more independently of weather conditions than medium-distance migrants?
Movement Ecology 8, 6.

PAKHOMOV, A., ANASHINA, A. & CHERNETSOV, N. (2017). Further evidence of a time-
independent stellar compass in a night-migrating songbird. Behavioral Ecology and
Sociobiology 71(3), 1-6.

*PAKHOMOV, A. & CHERNETSOV, N. (2014). Early evening activity of migratory garden
warbler Sylvia borin: compass calibration activity? Journal of Ornithology 155, 621-
630.

PAKHOMOV, A. & CHERNETSOV, N. (2020). A hierarchy of compass systems in migratory
birds. Biological Communications 65(3), 262-276.

*PAKHOMOV, A., PROKSHINA, A., CELLARIUS, F., MOURITSEN, H. & CHERNETSOV, N. (2022).
Access to the sky near the horizon and stars does not play a crucial role in compass
calibration of European songbird migrants. Journal of Experimental Biology 225(16),
jeb243631.

-38 -



PAPI, F. & WALLRAFF, H. G. (1982). Avian Navigation: International Symposium on Avian
Navigation (ISAN) Held at Tirrenia (Pisa), September 11—14, 1981. Springer, Berlin,
Heidelberg.

PATRICK, S. C., ASSINK, J. D., BASILLE, M., CLUSELLA-TRULLAS, S., CLAY, T. A., DEN OUDEN,
O.F.C.,Joo,R., ZEYL, J. N., BENHAMOU, S., CHRISTENSEN-DALSGAARD, J., EVERS, L.
G.,FAYET, A. L., KOPPL, C., MALKEMPER, E. P., MARTIN LOPEZ, L. M., ET AL. (2021).
Infrasound as a Cue for Seabird Navigation. Frontiers in Ecology and Evolution 9,
740027.

PAULIN, M. G. (1995). Electroreception and the compass sense of sharks. Journal of
Theoretical Biology 174(3), 325-339.

PERDECK, A. C. (1958). Two types of orientation in migrating starlings, Sturnus vulgaris L.,
and chaffinches, Fringilla coelebs L., as revealed by displacement experiments. Ardea
55(1-2), 1-2.

PHILLIPS, J. & MOORE, F. R. (1992). Calibration of the sun compass by sunset polarized light
patterns in a migratory bird. Behavioral Ecology and Sociobiology 31, 189—193.

PHILLIPS, J., MUHEIM, R., PAINTER, M., RAINES, J., ANDERSON, C., LANDLER, L., DOMMER, D.,
RAINES, A., DEUTSCHLANDER, M. & WHITEHEAD, J. (2022). Why is it so difficult to
study magnetic compass orientation in murine rodents? Journal of Comparative
Physiology A 208(1), 197-212.

PRICE, T. (1981). The ecology of the greenish warbler Phylloscopus trochiloides in its winter
quarters. /bis 123(2), 131-144.

PULIDO, F. (2007). The genetics and evolution of avian migration. BioScience 57, 165—174.

*RABOL, J. (1970). Displacement and phaseshift experiments with night-migrating passerines.
Ornis Scandinavica, 27-43.

*Ritz, T., THALAU, P., PHILLIPS, J. B., WILTSCHKO, R. & WILTSCHKO, W. (2004). Resonance
effects indicate a radical-pair mechanism for avian magnetic compass. Nature
429(6988), 177-180.

*Ritz, T., WILTSCHKO, R., HORE, P. J., RODGERS, C. T., STAPPUT, K., THALAU, P., TIMMEL, C.
R. & WILTSCHKO, W. (2009). Magnetic compass of birds is based on a molecule with
optimal directional sensitivity. Biophysical Journal 96(8), 3451-7.

RUPPEL, G., HUPPOP, O., LAGERVELD, S., SCHMALJOHANN, H. & BRUST, V. (2023). Departure,
routing and landing decisions of long-distance migratory songbirds in relation to
weather. Royal Society Open Science 10(2), 221420.

SALEWSKI, V., BAIRLEIN, F. & LEISLER, B. (2000). Recurrence of some palaearctic migrant
passerine species in West Africa. Ringing & Migration 20, 29-30.

SALEWSKI, V., BAIRLEIN, F. & LEISLER, B. (2002). Different wintering strategies of two
Palearctic migrants in West Africa—a consequence of foraging strategies? Ibis 144(1),
85-93.

SANDBERG, R. (1994). Interaction of body condition and magnetic orientation in autumn
migrating Robins, Erithacus rubecula. Animal Behaviour 47, 679—686.

SANDBERG, R. (2003). Stored fat and the migratory orientation of birds. In Avian Migration.
(eds P. Berthold, E. Gwinner and E. Sonnenschein), pp. 515-525. Springer, Berlin,
Heidelberg.

SANDBERG, R., BACKMAN, J., MOORE, F. R. & LoHMUS, M. (2000). Magnetic information
calibrates celestial cues during migration. Animal Behaviour 60, 453—462.

SANDBERG, R. & MOORE, F. R. (1996). Migratory orientation of red-eyed vireos, Vireo
olivaceus, in relation to energetic condition and ecological context. Behavioral
Ecology and Sociobiology 39, 1-10.

SANDBERG, R., MOORE, F. R., BACKMAN, J. & LOHMUS, M. (2002). Orientation of nocturnally
migrating Swainson's thrush at dawn and dusk: importance of energetic conditon and
geomagnetic cues. The Auk 119, 201-219.

-39-



SANDBERG, R., UTTOSSON, U. & PETTERSSON, J. (1991). Magnetic orientation of migratory
wheatears (Oenanthe oenanthe) in Sweden and Greenland. Journal of Experimental
Biology 155, 51-64.

*SCHAUB, M. & JENNI, L. (2000a). Body mass of six long-distance migrant passerine species
along the autumn migration route. Journal fiir Ornithologie 141, 441-460.

*SCHAUB, M. & JENNI, L. (20000). Fuel deposition of three passerine bird species along the
migration route. Oecologia 122, 306-317.

SCHAUB, M. & JENNI, L. (2001a). Stopover durations of three warbler species along their
autumn migration route. Oecologia 128, 217-227.

SCHAUB, M. & JENNI, L. (20015). Variation of fuelling rates among sites, days and individuals
in migrating passerine birds. Functional Ecology 15, 584-594.

SCHMALJOHANN, H. (2018). Proximate mechanisms affecting seasonal differences in
migration speed of avian species Scientific Reports 8, 4106.

SCHMALJOHANN, H. & BOTH, C. (2017). The limits of modifying migration speed to adjust to
climate change. Nature Climate Change 7, 573-576.

SCHMALJOHANN, H. & DIERSCHKE, V. (2005). Optimal bird migration and predation risk: a
field experiment with northern wheatears Oenanthe oenanthe. Journal of Animal
Ecology 74, 131-138.

SCHMALJOHANN, H. & EIKENAAR, C. (2017). How do energy stores and changes in these
affect departure decisions by migratory birds? — A critical view on stopover ecology
studies and some future perspective. Journal of Comparative Physiology A 203, 411—
429.

SCHMALJOHANN, H., EIKENAAR, C. & SAPIR, N. (2022). Understanding the ecological and
evolutionary function of stopover in migrating birds. Biological Reviews 97(4), 1231—
1252.

SCHMALJOHANN, H., FOoX, J. W. & BAIRLEIN, F. (2012). Phenotypic response to environmental
cues, orientation and migration costs in songbirds flying halfway around the world.
Animal Behaviour 84, 623—-640.

SCHMALJOHANN, H., KAMPFER, S., FRITZSCH, A., KIMA, R., & EIKENAAR, C. (2015). Start of
nocturnal migratory restlessness in captive birds predicts nocturnal departure time in
free-flying birds. Behavioral Ecology and Sociobiology 69, 909-914.

SCHMALJOHANN, H., KORNER-NIEVERGELT, F., NAEF-DAENZER, B., NAGEL, R., MAGGINI, 1.,
BULTE, M. & BAIRLEIN, F. (2013a). Stopover optimization in a long-distance migrant:
the role of fuel load and nocturnal take-off time in Alaskan northern wheatears
(Oenanthe oenanthe). Frontiers in Zoology 10(1), 1-13.

SCHMALJOHANN, H., LIECHTI, F. & BRUDERER, B. (2007). Songbird migration across the
Sahara — the non-stop hypothesis rejected! Proceedings of the Royal Society B:
Biological Sciences 274, 735-739.

SCHMALJOHANN, H. & NAEF-DAENZER, B. (2011). Body condition and wind support initiate
shift in migratory direction and timing of nocturnal departure in a free flying songbird.
Journal of Animal Ecology 80, 1115-1122.

SCHMALJOHANN, H., RAUTENBERG, T., MUHEIM, R., NAEF-DAENZER, B. & BAIRLEIN, F.
(2013b). Response of a free-flying songbird to an experimental shift of the light
polarization pattern around sunset. Journal of Experimental Biology 216(8), 1381—
1387.

SCcHMIDT-KOENIG, K. (1990). The sun compass. Experientia 46, 336-342.

SCHNEIDER, T., THALAU, H. P., SEMM, P. & WILTSCHKO, W. (1994). Melatonin is crucial for
the migratory orientation of Pied Flycatcher (Ficedula hypoleuca Pallas). Journal of
Experimental Biology 194, 255-262.

-40 -



SCHNEIDER, W. T., PACKMOR, F., LINDECKE, O. & HOLLAND, R. A. (2023). Sense of doubt:
inaccurate and alternate locations of virtual magnetic displacements may give a
distorted view of animal magnetoreception ability. Communications Biology 6(1), 187.

SCHWABL, H., BAIRLEIN, F. & GWINNER, E. (1991). Basal and stress-induced corticosterone
levels of garden warblers, Sylvia borin, during migration. Journal of Comparative
Physiology B 161(6), 576-580.

SCHWARZE, S., SCHNEIDER, N.-L., REICHL, T., DREYER, D., LEFELDT, N., ENGELS, S., BAKER,
N., HORE, P. J. & MOURITSEN, H. (2016a). Weak broadband electromagnetic fields are
more disruptive to magnetic compass orientation in a night-migratory songbird
(Erithacus rubecula) than strong narrow-band fields. Frontiers in Behavioral
Neuroscience 10, 55.

SCHWARZE, S., STEENKEN, F., THIELE, N., KOBYLKOV, D., LEFELDT, N., DREYER, D.,
SCHNEIDER, N. L. & MOURITSEN, H. (2016b). Migratory blackcaps can use their
magnetic compass at 5 degrees inclination, but are completely random at 0 degrees
inclination. Scientific Reports 6, 33805.

SIOBERG, S. & MUHEIM, R. (2016). A new view on an old debate: type of cue-conflict
manipulation and availability of stars can explain the discrepancies between cue-
calibration experiments with migratory songbirds. Frontiers in Behavioral
Neuroscience 10, 29.

SIOBERG, S. & NILSSON, C. (2015). Nocturnal migratory songbirds adjust their travelling
direction aloft: evidence from a radiotelemetry and radar study. Biology Letters 11,
20150337.

SKILES, D. D. (1985). The geomagnetic field its nature, history, and biological relevance. In
Magnetite biomineralization and magnetoreception in organisms. (eds J. L.
Kirschvink, D. S. Jones and B. J. MacFadden), pp. 43—102. Springer, Boston.

SMOLINSKY, J. A., DIEHL, R. H., RADZIO, T. A., DELANEY, D. K. & MOORE, F. R. (2013).
Factors influencing the movement biology of migrant songbirds confronted with an
ecological barrier. Behavioral Ecology and Sociobiology 67,2041-2051.

SPINA, F., BAILLIE, S. R., BAIRLEIN, F., FIEDLER, W. & THORUP, K. (2022). The Eurasian
African Bird Migration Atlas. https://migrationatlas.org. EURING/CMS.

TAYLOR, P. D., CREWE, T. L., MACKENZIE, S. A., LEPAGE, D., AUBRY, Y., CRYSLER, Z.,
FINNEY, G., FRANCIS, C. M., GUGLIELMO, C. G., HAMILTON, D. J., HOLBERTON, R. L.,
LORING, P. H., MITCHELL, G. W., NORRIS, D. R., PAQUET, J., ET 4L. (2017). The Motus
Wildlife Tracking System: a collaborative research network to enhance the
understanding of wildlife movement. Avian Conservation and Ecology 18(1), 8.

TAYLOR, P. D., MACKENZIE, S. A., THURBER, B. G., CALVERT, A. M., MILLS, A. M., MCGUIRE,
L. P. & GUGLIELMO, C. G. (2011). Landscape movements of migratory birds and bats
reveal an expanded scale of stopover. PLoS One 6(11), €27054.

THORUP, K., BISSON, I.-A., BOWLIN, M. S., HOLLAND, R. A., WINGFIELD, J. C., RAMENOFSKY,
M. & WIKELSKI, M. (2007). Evidence for a navigational map stretching across the
continental U.S. in a migratory songbird. Proceedings of the National Academy of
Sciences 104, 18115-18119.

THORUP, K., ORTVAD, T. E., RAB@L, J., HOLLAND, R. A., TGTTRUP, A. P. & WIKELSKI, M.
(2011). Juvenile songbirds compensate for displacement to oceanic islands during
autumn migration. PLoS One 6(3), e17903.

THORUP, K. & RAB@L, J. (2007). Compensatory behaviour after displacement in migratory
birds. Behavioral Ecology and Sociobiology 61(6), 825-841.

THORUP, K., VEGA, M. L., SNELL, K. R. S., LUBKOVSKAIA, R., WILLEMOES, M., SIOBERG, S.,
SokoLov, L. V. & BULYUK, V. (2020). Flying on their own wings: young and adult
cuckoos respond similarly to long-distance displacement during migration. Scientific
Reports 10(1), 7698.

-41 -



ToTzKE, U. & BAIRLEIN, F. (1998). The body mass cycle of the migratory garden warbler
(Sylvia borin) is associated with changes of basal plasma metabolite levels.
Comparative Biochemistry and Physiology 121, 127-133.

WAGNER, H. O. & SAUER, F. (1957). Die Sternenorientierung néchtlich ziehender
Grasmiicken (Sylvia atricapilla, borin and curruca). Zeitschrift fiir Tierpsychologie
14, 29-70.

WIKELSKI, M., ARRIERO, E., GAGLIARDO, A., HOLLAND, R. A., HUTTUNEN, M. J., JUVASTE, R.,
MUELLER, L., TERTITSKI, G., THORUP, K. & WILD, M. (2015). True navigation in
migrating gulls requires intact olfactory nerves. Scientific Reports 5(1), 1-11.

WIKELSKI, M., TARLOW, E. M., RAIM, A., DIEHL, R. H., LARKIN, R. P. & VISSER, G. H. (2003).
Costs of migration in free-flying songbirds. Nature 423, 704.

WILTSCHKO, W. (1968). Uber den Einfluss statischer Magnetfelder auf die Zugorientierung
der Rotkehlchen (Erithacus rubecula). Zeitschrift fiir Tierpsychologie 25(5), 537-558.

*WILTSCHKO, W., FORD, H., MUNRO, U., WINKLHOFER, M. & WILTSCHKO, R. (2007).
Magnetite-based magnetoreception: the effect of repeated pulsing on the orientation of
migratory birds. Journal of Comparative Physiology A 193(5), 515-22.

WILTSCHKO, W., MUNRO, U., BEASON, R., FORD, H. & WILTSCHKO, R. (1994). A magnetic
pulse leads to a temporary deflection in the orientation of migratory birds. Experientia
50(7), 697-700.

WILTSCHKO, W., MUNRO, U., FORD, H. & WILTSCHKO, R. (1993). Magnetic inclination
compass: a basis for the migratory orientation of birds in the Northern and Southern
Hemisphere. Experientia 49(2), 167-170.

*WILTSCHKO, W., MUNRO, U., FORD, H. & WILTSCHKO, R. (1998). Effect of a magnetic pulse
on the orientation of Silvereyes, Zosterops I. lateralis, during spring migration.
Journal of Experimental Biology 201, 3257-3261.

WILTSCHKO, W., MUNRO, U., FORD, H. & WILTSCHKO, R. (2006). Bird navigation: what type
of information does the magnetite-based receptor provide? Proceedings of the Royal
Society B: Biological Sciences 273(1603), 2815-2820.

*WILTSCHKO, W., MUNRO, U., FORD, H. & WILTSCHKO, R. (2009). Avian orientation: the
pulse effect is mediated by the magnetite receptors in the upper beak. Proceedings of
the Royal Society B: Biological Sciences 276(1665), 2227-2232.

*WILTSCHKO, W., MUNRO, U., WILTSCHKO, R. & KIRSCHVINK, J. L. (2002). Magnetite-based
magnetoreception in birds: the effect of a biasing field and a pulse on migratory
behavior. Journal of Experimental Biology 205(Pt 19), 3031-7.

*WILTSCHKO, R., THALAU, P., GEHRING, D., NIEBNER, C., RiTZ, T. & WILTSCHKO, W. (2015).
Magnetoreception in birds: the effect of radio-frequency fields. Journal of The Royal
Society Interface 12(103), 20141103.

WILTSCHKO, W. & WILTSCHKO, R. (1972). Magnetic compass of European Robins. Science
176, 62—64.

*WILTSCHKO, W. & WILTSCHKO, R. (1975a). The interaction of stars and magnetic field in the
orientation system of night migrating birds I. Autumn experiments with European
warblers (Gen. Sylvia). Zeitschrift fiir Tierpsychologie 37, 337-355.

*WILTSCHKO, W. & WILTSCHKO, R. (1975b). The interaction of stars and magnetic field in the
orientation system of night migrating birds II. Spring experiments with European
robins (Erithacus rubecula). Zeitschrift fiir Tierpsychologie 39, 265-282.

WILTSCHKO, W. & WILTSCHKO, R. (1992). Migratory orientation: magnetic compass
orientation of garden warblers (Sy/via borin) after a simulated crossing of the
magnetic equator. Ethology 91(1), 70-74.

*WILTSCHKO, W. & WILTSCHKO, R. (1995). Migratory orientation of European robins is
affected by the wavelength of light as well as by a magnetic pulse. Journal of
Comparative Physiology A 177(3), 363-369.

-42 -



WU, L.-Q. & DICKMAN, J. D. (2011). Magnetoreception in an avian brain in part mediated by
inner ear lagena. Current Biology 21(5), 418-423.

WYNN, J., LEBERECHT, B., LIEDVOGEL, M., BURNUS, L., CHETVERIKOVA, R., DOGE, S.,
KARWINKEL, T., KOBYLKOV, D., XU, J. & MOURITSEN, H. (2023). Naive songbirds
show seasonally appropriate spring orientation in the laboratory despite having never
completed first migration. Biology Letters 19(2), 20220478.

WYNN, J., PADGET, O., MORFORD, J., JAGGERS, P., DAVIES, K., BORSIER, E. & GUILFORD, T.
(2022a). How might magnetic secular variation impact avian philopatry? Journal of
Comparative Physiology A 208(1), 145—-154.

WYNN, J., PADGET, O., MOURITSEN, H., MORFORD, J., JAGGERS, P. & GUILFORD, T. (2022b).
Magnetic stop signs signal a European songbird’s arrival at the breeding site after
migration. Science 375(6579), 446—449.

WYNN, J., PADGET, O., MOURITSEN, H., PERRINS, C. & GUILFORD, T. (2020). Natal imprinting
to the Earth’s magnetic field in a pelagic seabird. Current Biology 30(14), 2869—2873
e2.

*YOHANNES, E., BIEBACH, H., NIKOLAUS, G. & PEARSON, D. J. (2009). Passerine migration
strategies and body mass variation along geographic sectors across East Africa, the
Middle East and the Arabian Peninsula. Journal of Ornithology 150(2), 369-381.

ZAPKA, M., HEYERS, D., HEIN, C. M., ENGELS, S., SCHNEIDER, N. L., HANS, J., WEILER, S.,
DREYER, D., KISHKINEV, D., WILD, J. M. & MOURITSEN, H. (2009). Visual but not
trigeminal mediation of magnetic compass information in a migratory bird. Nature
461(7268), 1274-12717.

ZEHNDER, S., AKESSON, S., LIECHTI, F. & BRUDERER, B. (2002). Observation of free-flying
nocturnal migrants at Falsterbo: occurrence of reverse flight directions in autumn.
Avian Science 2(2), 103—113.

ZEHTINDIJIEV, P. & LIECHTL, F. (2003). A quantitative estimate of the spatial and temporal
distribution of nocturnal bird migration in south-eastern Europe - a coordinated moon-
watching study. Avian Science 3(1), 37-45.

ZUST, Z., MUKHIN, A., TAYLOR, P. D. & SCHMALJOHANN, H. (2023). Pre-migratory flights in
migrant songbirds: the ecological and evolutionary importance of understudied
exploratory movements. Movement Ecology 11(1), 78.

VI. SUPPORTING INFORMATION

Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Table S1. Overview of magnetic-cue-related orientation and navigation hypotheses for

migratory songbirds from cage-based and free-flight studies.

Figure legends
Fig. 1. Properties of the Earth’s magnetic field. (A) The Earth’s magnetic field behaves

roughly as if there is a bar magnet in the centre of the Earth. This results in a horizontal
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directional component with geographic North (gN) and magnetic North (mN) almost aligned.
This property is known to most people through the use of a classical compass. (B) The
magnetic field intensity varies around the globe and is highest at the poles (~60 uT) and
lowest in the equator region (~30 uT). (C, D) The inclination angle is defined as the angle at
which the magnetic field lines cross the Earth’s surface. At the magnetic poles, the field lines
are perpendicular to the surface (90°), whereas they are parallel at the magnetic equator (0°).
This feature can be used by birds as a compass to identify poleward and equatorward
directions. (E, F) The declination angle is defined as the angular difference between the
geographic and magnetic North pole. It therefore displays the error of a magnetic compass
compared to true geographical North at a given location. When both poles are aligned, the
angle is 0°. Maps in B, D and F show selected isolines derived from NCEI (2019). Due to

their projection, maps do not show the poles.

Fig. 2. Graphical summary of methods used to assess magnetic-cue related hypotheses in
songbirds. (A) Experiments generally start with the manipulation of the perceived magnetic
cue information. This can be done by manipulating the magnetic cue itself or the
corresponding sensory structures of the bird. (B) This experimental manipulation is then
followed by recording the bird’s behavioural response. This can be done either in a caged
setup or by recording the birds in free flight in the wild. See main text for detailed description
of methods. ‘Attaching magnets’ adopted from Packmor et al. (2021); ‘section trigeminal
nerve’ adopted from Kishkinev ef al. (2013); ‘brain lesion’ adopted from Zapka et al. (2009);

all graphics adopted with permission.

Fig. 3. Schematic conceptual framework demonstrating the role of magnetic cues in the
migration ecology of songbirds during the long-distance phase (Mouritsen 2018). Factors

involving cues from the Earth’s magnetic field are highlighted in grey. (A) Possible factors
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involved in perception of geographical location. (B) Possible factors involved in perception of
directional information. See main text for further explanation. (C) Conceptual framework of
the behaviour of a migrant following a stop-and-go strategy. The upper green box represents
the behaviour during the stopover and decisions on the ground at the first stopover location
(7). The lower blue box represents behaviour and decisions during the migratory flight. When

the migrant reaches the next location (i+1), the scheme will repeat.
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