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Abstract Animals use the geomagnetic field and astronomical cues to obtain compass information. The
magnetic compass is not a uniform mechanism, as several functional modes have been described in different
animal groups. The Sun compass requires the internal clock to interpret the position of the Sun. For star
compass orientation, night-migrating birds seem to use the star pattern as a whole, without involving
the internal clock. Both the astronomical compass mechanisms are based on learning processes to adapt
them to the geographic latitude where the animals live and, in long-living animals, to compensate for the
seasonal changes. Several mechanisms are used to determine the compass course to a goal. Using information
collected during the outward journey is mostly done by path integration: recording the direction with a
compass and integrating its twists and turns. Migratory animals have innate programs to guide them to
their still unknown goal. Highly mobile animals with large ranges develop a so-called navigational ‘map’,
a mental representation of the spatial distribution of navigational factors within their home region and
their migration route. The nature of the factors involved is not yet entirely clear; magnetic intensity and

inclination are the ones best supported so far.

1 Introduction

Many animals perform extended migrations. Most
famous are the annual migrations of millions of birds
that, in autumn, leave regions with adverse winter con-
ditions to overwinter in more favorable parts of the
Earth. The record holder in distance is the Arctic
tern, Sterna paradisea, a sea bird breeding in the Arc-
tic regions that spends the winters at the edge of the
Antarctic Continent, thus staying in eternal summer,
avoiding coldness and darkness. But many other birds
migrate as well, covering several thousand kilometers
every year; among them are, e.g., water birds, raptors,
swifts and small songbirds such as swallows, warbler
and others. They spend the summer in the northern
temperate zones and move to lower latitudes, some of
them crossing the equator for wintering. Whales cover
long distances between their Arctic or Antarctic feeding
grounds and areas with warmer water where they give
birth to their calves. But also terrestrial mammals, like
many hoofed animals, perform long distance migrations
to follow the annual change in vegetation, e.g., the cari-
bous in northern Canada or zebras, gnus and antelopes
in eastern Africa. Some animals migrate between nest-
ing and feeding grounds, e.g., marine turtles. Many
fishes migrate; some of them, like eels and salmons, only
at the beginning and end of their life. Even some insects
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migrate: the monarch butterfly, Danaus plezipus, is a
prominent example.

Most of these migrations involve specific routes and
defined end points. Eels and salmons, as well as marine
turtles are known to leave their feeding sites after years
to return to the places where they were born to lay their
eggs. Banded birds were found to return to the same
breeding site year after year, and many of them seem
to spend the non-breeding season in the same wintering
grounds every year.

Birds are also known to return after passive displace-
ment from unfamiliar sites. Homing pigeons, Columba
livia domestica, bred from the Mediterranean rock dove,
were domesticated and used to transport messages
already since antiquity. But other bird species, too, were
found to be able to compensate for displacements; that
is, they can directly head toward a specific goal. The
same appears to be true for numerous other animals,
with the distances involved correlated with the size of
their home range.

Yet, the ability to navigate is not only required for
extended migrations and displacements like those men-
tioned above, but also during their everyday movements
within their home range animals profit greatly from
good orientation, because it is advantageous to optimize
routes—this saves energy and helps to avoid predation.

To answer the question what factors animals use to
navigate, it is important to understand how they pro-
ceed when they want to reach a specific goal. Birds
are by far the best-studied group—homing pigeons are
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available ad libitum and can be easily used for orienta-
tion experiments. When they are released at a distant
site, they leave this site heading in directions close to
the home direction. With migratory birds, their innate
tendency to seasonally move in their migratory direc-
tions provides a reliable, solid baseline for cage experi-
ments. Hence much of our present knowledge on animal
navigation comes from studies with birds, but many of
the processes and procedures identified in birds seem to
have parallels in other animals.

2 The “Map-and-Compass” model

Systematic research on animal navigation began in the
second half of the twentieth century, when Gustav
Kramer [1] and Karl von Frisch [2] in 1950 reported
that birds and bees can use the Sun for orientation.
The Sun compass, thus, was the first orientation mech-
anism described (see below). In the course of his exper-
iments with homing pigeons, Kramer recognized that
avian navigation is a two-step process and proposed his
Map-and-Compass model (e.g., [3]): When birds intend
to return home from a distant site, they first determine
the compass course leading to the goal and then use a
compass to look up this direction and follow it home.
Thus the first step of navigation, the Map step means
applying mechanisms for determining the present posi-
tion and put it in directional relation to the goal, and
the second step, the Compass step, means applying
mechanisms which allow to locate specific directions.

The Map-and-Compass model was first developed to
describe the homing process of pigeons after displace-
ment, with the Sun compass for the compass step, while
the mechanisms by which the pigeons determine their
home course could not yet be identified. This model,
however, can be expanded to characterize avian nav-
igation in general. In the beginning, young birds use
information obtained during the outward journey, and
for the first migration to the still unknown wintering
area, the map step is replaced by a genetic program
that makes birds move into an innate direction for a
certain time. Experienced birds, however, are then able
to truly navigate, using local site-specific information,
within and beyond their home region as well as dur-
ing migration (for review, see, e.g., [4]). Little is known
about the navigation procedures of other animals, but
we tend to assume that in many cases they might pro-
ceed in a similar way when they have to reach a specific
goal. However, in some cases under certain conditions,
they might use more direct mechanisms.

When Kramer [3] proclaimed the Map-and-Compass
model, the Sun compass was the only navigational
mechanism yet known. Research during the last decades
increased our knowledge on the factors and mechanisms
of animal navigation considerably, even if many ques-
tions are still open. In particular, the compass mecha-
nisms have fairly well been analyzed in many animals.
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3 Compass mechanisms

How do animals proceed when they have to locate direc-
tions? In principle, they use the same factors that we
humans, too, use, namely the geomagnetic field and
astronomical cues. Three compass mechanisms have
been identified in animals, namely a magnetic compass,
a Sun compass for directional orientation during the
day and a star compass for orientation at night

3.1 The magnetic compass

We humans need a technical device—a compass where
a magnetic needle aligns itself with the course of the
field lines—to locate the direction of the geomagnetic
field. Many animals, in contrast, can sense the direction
of the magnetic field directly.

3.1.1 The distribution of a magnetic compass among
animals

A sense for magnetic directions was first discovered in
migratory birds: During the migratory season, these
birds show a spontaneous tendency to prefer their
migratory direction also in suitable cages, and when
the north of the ambient magnetic field was shifted
by a coil system, European robins (Erithacus rubecula,
Turdidae) changed their preferred direction accordingly
(Fig. 1a, b) [5]. These findings initially met with con-
siderable skepticism because it was a novel, unexpected
sensory ability alien to man. Meanwhile, however, a
magnetic compass has been demonstrated in more than
20 bird species, including other migrants and also in
non-migrants, e.g., homing pigeons [6] and even domes-
tic chicken (Gallus gallus domesticus) [7]. It was also
found in animals of other groups, first in cave salaman-
ders [8], but soon also in all groups of vertebrates—in
fish such as stingrays [9], salmons [10,11], eels [12,13]
and others, in frogs (e.g., [14]), alligators [15], marine
turtles [16] and mammals like rodents [17] and bats [18].
Findings in humans have been controversially discussed
(see [19]).

A magnetic compass was also demonstrated in sea
slugs (Nudibranchia) [20], in crustaceans like spiny lob-
sters [21], sandhoppers (Amphipoda) (e.g., [22]) and
others, and also in insects such as termites [23], bee-
tles [24], moths [25] and butterflies (e.g., [26]), honey-
bees [27] and ants [28,29]. A magnetic compass thus
appears to be widespread and may even be a general
characteristic of mobile animals.

3.1.2 Different functional modes

The magnetic compass in animals is not a uniform
mechanism, however. It has been analyzed in detail only
in very few species so far, but there are at least two fun-
damentally different functional modes and some mod-
ifications. The mechanisms in birds are the ones best
known so far and, here, the magnetic compass functions
very differently from our technical compass.
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local geomagnetic field

Fig. 1 Orientation behavior of European robins during
spring migration in round cages under dim narrow-band 565
nm green light, demonstrating compass orientation by the
geomagnetic field. Headings a in the local geomagnetic field
(46 nT, mN = 360°, 66°inclination); b with the horizon-
tal component (magnetic north) shifted to 120°ESE; ¢ with
the vertical component inverted. — mN, magnetic north. The

Birds are not sensitive to the polarity of the magnetic
field (see Fig. 1a, ¢); instead, they sense the axial course
of the field lines and distinguish between their two ends
by the inclination [30]. This means that for birds, the
magnetic compass does not indicate magnetic north
and south, as our technical compass does, but poleward,
where the field lines point downward and equatorward,
where they point upward. This type of compass, an
inclination compass, becomes ambiguous at the mag-
netic equator and requires long-distance migrants to
‘reverse’ their heading from equatorward to poleward
when they cross the equator to continue heading south-
ward. - The inclination compass was first analyzed in
European robins, but was also found in all other bird
species tested for it so far. It is remarkably accurate;
it was shown to still work at an inclination of 87°, i.e.,
only 3°from the vertical [31,32] and at 5°, close to the
horizontal [33].

The avian magnetic compass proved to be light
dependent, requiring short-wavelength light from UV
to about 565 nm green (see Fig. 1); under red light,
birds are disoriented [34-36]. It spontaneously func-
tions only in magnetic intensities with which the birds
are familiar; decreasing or increasing the ambient inten-
sity about 25% leads to disorientation [37,38]. However,
birds can adjust to intensities outside this functional
window when they are exposed to other intensities for
a while: Robins caught and kept in a field of 46 wT
thus became able to orient at intensities as low as 5 nT
[39] and as high as 150 nT, but could not orient at the
intermediate intensity of 81 nT [37]. This ability allows
migrating birds to cope with the decreasing intensities
that they encounter when reaching lower latitudes.

These characteristics of their magnetic compass indi-
cate that birds have a specific way to perceive mag-
netic directions. In the 1980s, Schulten and Winde-
muth [40] suggested the radical pair model, which was
later detailed by Ritz and colleagues. It assumes the
avian magnetic compass to be based on radical pair

mN shifted to 120°

vertical component inverted

triangles at the periphery of the circles indicate the mean
headings of individual birds, the arrows represent the grand
mean vector in the respective test condition in relation to
the radius of the circle = 1. The two inner circles mark the
5%(dotted) and the 1% significance border of the Rayleigh
test (see [213] for details) (data from [214])

processes, with the direction of the ambient magnetic
field changing the ratio singlet/triplet of the radical
pair (for details, see [41]). This effect does not depend
on the polarity of the magnetic field and thus results
in an inclination compass as found in birds. As site
of magnetoreception, the authors suggested the eyes,
because of their spherical shape, and there are receptor
cells aligned in all spatial directions. Hence the differ-
ent ratio of singlet/triplet would result in an activation
pattern on the retina that is centrally symmetric to the
course of the field lines (see [41] for details). Changes
in intensity would modify the activation pattern, which
appears to confuse the birds at first, but since the pat-
tern retains its central symmetry to the field lines, birds
can learn to interpret the altered pattern.

As receptor molecule providing the radical pairs, Ritz
and colleagues suggested cryptochrome, a protein with
FAD (flavin adenine dinucleotide) as chromophore [41],
because it is the only known photo pigment in ani-
mals that forms radical pairs. Several types of cryp-
tochromes were indeed found in the retina of birds (see,
e.g., [42]). In particular Cryla, located in the outer seg-
ment of the V/UV receptor cells of robins, chickens and
zebra finches (Taeniopygia guttata, Estrldidae) seems
highly suitable for magnetoreception. These cells are
distributed all across the retina [43,44] and thus could
produce the assumed activation pattern. Cryla is acti-
vated at all wavelengths where birds were found to be
oriented [45]. Later studies indicate that the crucial rad-
ical pair is formed during re-oxidation ([46]; for review,
see [42]).

Amphibians and marine turtles were also shown to
have an inclination compass, i.e., a compass that is not
sensitive to the polarity of the magnetic field. Their
compass mechanisms, however, were found to differ
from that of birds in their light dependency. While birds
are still oriented under 565 nm green light, the wave-
length range of normal orientation in the newt Nothoph-
thamus (Salamandridae) appears to end at about 450
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nm blue [47]. Marine turtles, in contrast, could use
their inclination compass also in total darkness [48].
Only little is known about the magnetic compass of
other vertebrates .A few fishes and mammals have been
studied: salmons [49], subterrancan rodents [50], and
bats [51] were found to respond to the polarity of the
magnetic field—they have a polarity compass. Details
of their reception mechanisms have not yet been ana-
lyzed; permanent magnetic material like magnetite (a
specific form of iron oxide, Fe(II)Fe(I1I)204) has been
discussed.

Even less is known about the functional mode of the
magnetic compass of arthropods. Among crustaceans,
only the compass mechanism of spiny lobsters has been
analyzed; they were found to have a polarity compass
[52]. The two species of insects tested so far, the flour
beetle Tenebrio [53] and the monarch butterfly [54], in
contrast, have an inclination compass.

The different functional modes of the magnetic com-
pass suggest independent evolutionary developments.
The magnetic compass is an important orientation
mechanism with the great advantage of being always
available, independent of the time of the day and
the weather conditions. Magnetic disturbances, such as
magnetic storms and local anomalies, are rarely strong
enough to interfere with it.

3.2 The Sun compass

The Sun is widely used for direction finding during
the day. The first indications of the Sun as an orient-
ing cue were already reported in the beginning of the
twentieth century, when Santschi [55] could re-direct
ants by reflecting the Sun with a mirror. In 1950, the
Sun compass was discovered independently in animals
as different as birds [1], and in honeybees [2]. This
initiated a systematic search for Sun compass orien-
tation in the animal kingdom. Soon a Sun compass
was found in various crustaceans (summarized by [56]),
various insect groups like ants and bees, beetles and
others, spiders (summarized by [57,58]), butterflies like
the Monarch [59], and marine snails [60]. Among ver-
tebrates, it was found in several species of fishes (e.g.,
[61]; for review see [62]), in reptilian species such as
lizards [63], snakes [64,65], turtles [66,67] and alliga-
tors [68]). Yet in amphibians (e.g., [69]) and mammals,
where rodent species were tested (e.g., [70]), the data
were less clear. It has to be considered, however, that
amphibians mostly avoid being exposed to clear sun-
light, and rodents are mostly nocturnally active.

3.2.1 Functional mode and ontogeny of Sun compass
orientation

To derive directional information from the Sun, the ani-
mals must know the Sun’s arc and consider the time of
the day. This does not pose a problem, because animals
are endowed with an internal clock. Their endogenous
circadian rhythm is synchronized with the natural day
by sunrise and sunset, (see, e.g., [71]). With this sense
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Fig. 2 Clock-shift experiments with displaced homing
pigeons, demonstrating the use of the Sun compass. a Fast
shift: internal clock is 6 h advanced; b slow shift: internal
clock is 6 h delayed. The dashed line marks the home direc-
tion 192°, the symbols at the periphery of the circle give the
vanishing bearings of individual birds: open, controls living
in the natural day, solid: experimental birds with their inter-
nal clock shifted. The arrows indicate the mean vectors (see
[213))

for the time of the day, they interpret the Sun’s posi-
tion. The customary demonstration of Sun compass use
is based on this phenomenon. In the so-called clock-
shift experiments, the internal clock of the test animals
is shifted, mostly for 6 h, by subjecting them to an
artificial photoperiod that, e.g., starts 6 h before sun-
rise and ends 6 h before sunset. After about 5 days, the
internal clock is adjusted to the new, artificial photope-
riod. When the animals are then exposed to the Sun,
they misjudge its position and orient in a direction that
deviates markedly from that of untreated controls—in
the Northern Hemisphere, a forward shift results in a
counterclockwise, and a backward shift in a clockwise
deviation (Fig. 2). Such clock-shift experiments were
first conducted by Schmidt Koenig [71] with homing
pigeons, but soon this method has been widely applied,
e.g., also in connection with directional training (see
e.g., [72])

When animals are tested in a clock-shift experiment,
the altitude of the Sun is markedly different from what
they should expect according to their subjective time,
e.g., 6 h forward-shifted pigeons tested at 6:00 in the
morning should expect the Sun high up in the sky
because this is their subjective noon; instead it is low
above the horizon. They seem to ignore this discrep-
ancy, however, which indicates that for the Sun com-
pass of birds, only the Sun’s azimuth is important,
whereas its altitude is ignored. Schmidt-Koenig there-
fore describe the Sun compass of pigeons as a Sun-
azimuth compass ([72]; see also, e.g., [73] for ants). The
same seems to apply to many other animals; for fishes,
however, the Sun’s altitude seemed to be also involved
in the orientation process (see e.g., [74]).
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Yet the Sun’s azimuth does not change uniformly in
the course of the day; just after sunrise and just before
sunset, when the Sun rapidly gains or loses altitude,
its increase is rather slow, below the average of 15°per
hour, whereas around noon, when the Sun is high up
in the sky, it moves much faster. This raised the ques-
tion whether the animals are aware of this and compen-
sate for the changes in azimuth correctly. This was first
demonstrated in the desert ant Cataglyphis (Formici-
dae): These ants are aware of the different rates of
change in the course of the day [73] and interpret the
Sun’s azimuth accordingly. The same appears to apply
to honeybees [75,76]. Fishes, too, consider the different
rates of change in Sun’s azimuth largely correctly [77],
and this is also true for birds [78].

The Sun’s arc, however, and with it the rate of
changes in azimuth, depends on the geographic lat-
itude and season. This means that for precise Sun
compass orientation, the animals’ compensation mecha-
nisms must be based on the true Sun’s arc of their home
region and the correct time of the year. This is accom-
plished by learning processes: ants and bees observe the
sky before they begin the foraging phase of their life.
These learning processes are rather fast, taking only a
few days, and seem to be supported by innate compo-
nents (see e.g., [79] for details)—ants that had experi-
enced the Sun only early in the morning could inter-
pret its position in the afternoon correctly [80]. This is
probably required because of the rather short life span
of these social insects, which also makes an adaptation
to the seasonal changes largely unnecessary. Ants that
have overwintered, however, must learn the Sun com-
pass in spring anew [81], which may also apply to over-
wintering bees.

In birds, the ontogeny of the Sun compass has been
studied only in homing pigeons. Here, it is likewise
learned [82], with the learning processes taking con-
siderably longer and requiring observation of the Sun’s
arc during large portions of the day. Birds that had
experienced the Sun only in the afternoon could not
use their Sun compass in the morning [83]. Learning
the Sun compass normally begins when the pigeons are
about 12 weeks old, but it can be advanced by early
flying experience [84]. The magnetic compass serves as
reference against which the movement of the Sun is
observed [85]. We tend to assume that the respective
processes are similar in all bird species. How the avian
Sun compass is adjusted to the seasonal changes has not
yet been analyzed; it is to be expected, however, that
the processes are similar to those of its first establish-
ment. Little is known about the establishment of the
Sun compass in other animals. Experiments with fishes
that never saw the natural Sun suggested that their Sun
compass may be in large parts innate (see [85]).

The Sun compass is the most important orientation
mechanism within the animals’ home range and over
shorter distances, where animals follow their Sun com-
pass in spite of contradicting information from their
magnetic compass. During long-range migrations, how-
ever, animals would have to additionally cope with
the changes of the Sun’s arc with geographic latitude
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or, when they migrate east/west, with the resulting
shift in local time. Interestingly, while a Sun compass
was demonstrated in numerous fish species (see e.g.,
[60,61], experiments involving migration with species
like salmons and eels failed to produce unequivocal evi-
dence for Sun compass orientation [87,88]. With birds,
the Sun compass is likewise demonstrated in displace-
ments and conditioning (see e.g., [89] for summary), but
day migrating birds during migration did not respond
to clock shifting as expected (e.g., [90]). The findings
suggested that they paid attention to the Sun, but that
the Sun compass does not serve as major compass sys-
tem for orienting the migration flight.

3.2.2 The role of polarized light

The Sun is accompanied by a particular pattern of
polarization in the sky light, with the polarization
reaching a maximum 90°from the Sun. It gradually
changes as the Sun moves. In contrast to us, many ani-
mals can see this polarization pattern in the sky and
use it for orientation, so that for them, the Sun com-
pass is actually a ‘skylight’ compass (see e.g., [91]). The
pattern of polarization is also visible below the water
surface (see e.g., [92]) so that polarized light is also a
potential orientation cue for aquatic animals living near
the surface. Responses to polarized light have indeed
been observed in crustaceans such as Daphnia (e.g.,
[93]) and decapods [94].

The use of polarized light for orientation was first dis-
covered in honeybees and ants [95,96] and in the follow-
ing years was also found in many other insect species.
In insects, where the upper parts of the eyes are special-
ized to detect the polarization of light (for reviews, see
e.g., [57,97]; for details about the insects’ polarization
vision, see e.g., [98]). Experiments with desert ants of
the genus Cataglyphis showed that these ants are famil-
iar with the polarization pattern and its changes in the
course of the day; they use it for compass orientation
[80]. They need not see the entire sky, but a small por-
tion is sufficient. Dung beetles have even been reported
to be able to use the polarized moonlight for nocturnal
orientation [99].

Many vertebrates, too, are sensitive to polarized
light. This is indicated in fishes (e.g., [100]), amphib-
ians [101], reptiles (e.g., [102,103]) and, among mam-
mals, bats [104]. Birds are also able to perceive polar-
ized light [105] and with them the effect of polarized
light on orientation behavior has been studied in some
detail. The pattern of polarized light at sunset was
shown to play some role in the orientation of a night-
migrating American songbird [106] that starts migra-
tion flight at about that time. Several authors began to
test the relative importance of polarized light compared
to other cues, with some studies appearing to indicate a
dominance of polarized light [107-109]. Several of these
studies are not unproblematic, however, because they
involved polarizers, which polarize the entire skylight
almost 100%, and this unnatural pattern appears to
alter the normal behavior. Birds were observed to orient
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roughly parallel to the axis of polarization, which was
significantly different from their response to the natural
polarization pattern [110]. A dominant role of polariza-
tion could not be generally confirmed (e.g., [111,112]
a.0.).

Yet migratory birds can use the natural polarization
pattern for orientation. A twilight migrant stayed ori-
ented when other orienting cues like the geomagnetic
field had been removed (e.g., [113]), and this is also
applicable for a day migrant. In a compensated mag-
netic field, the birds were still oriented as long as the
natural skylight was visible, even when the Sun itself
was obscured [114].

A crucial role of polarized light is also that it can
mediate celestial rotation to migratory birds, which
is an important factor for transforming the geneti-
cally coded information on the migratory direction into
an actual direction (see below). This effect was only
observed in birds that had full view of the natural sky,
whereas birds that had observed the sky through depo-
larizers could not do so, even if they had been able to
see the Sun and its movement [115].

The Sun compass, i.e., the skylight compass, is the
dominant mechanism in the compass orientation of
many animals: They prefer to use it when it is avail-
able.

3.3 The star compass

Using the stars for orientation has been described so far
only for nocturnally migrating birds; they can use the
stars as a compass. This was first demonstrated in plan-
etarium experiments. Reversing the planetarium sky
caused birds to reverse their headings (Fig. 3) [116,117].
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Fig. 3 Planetarium experiments with indigo buntings,
Passerina cyanea, demonstrating the star compass. The ori-
entation of the same birds a under the normal planetar-
ium sky with the northern stars projected toward north, b
under a reversed planetarium sky with the northern stars
projected toward south. (data from [11], Appendix 8). The
triangles at the periphery of the circles mark the mean head-
ings of the individual birds: the arrows represent the mean
vectors (see [213])
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A star compass is also indicated by outdoor experi-
ments, where birds at night headed in their migratory
direction with the stars as only available cue (e.g., [118—
120]).

The stars move in the course of the night, but an anal-
ysis of the star compass showed that the internal clock
was not involved [121]. This excluded mechanisms sim-
ilar to that of the Sun compass (see above) and spoke
against the use of individual stars, suggesting that birds
might derive directions from the pattern as a whole or
parts of the pattern. Experiments blocking certain con-
stellations revealed a considerable individual variance.
In general, the circumpolar stars within 35°of the cen-
ter of rotation center seemed to be important, yet the
results did not allow a final conclusion [121].

The star compass is also a learned mechanism. Young
migrants could use the stars as a compass only if they
had observed the sky rotating before they start autumn
migration. In an experiment, two groups of hand-raised
birds were exposed to a rotating planetarium sky, with
the control group under the normal sky, rotating around
the polar star Polaris, while the test group was exposed
under a sky rotating around Betelgeuze in Orion. Later,
during autumn migration, both groups were tested
under the now stationary planetarium. The control
group preferred the normal southerly migratory direc-
tion, heading away from Polaris, whereas the test group
headed away from Betelgeuze [122]. Birds do not seem
to have an innate concept about what the sky looks
like. The complex natural sky could be replaced by a
simple pattern of only 16 light dots—as long as the
birds had observed this pattern rotating with 1 rota-
tion per day, they later could use it to orient in their
migratory direction relative to the center of rotation
[123,124]. Celestial rotation was thus identified as the
crucial factor for establishing the migratory direction
with respect to the stars.

The view of the sky changes gradually. The stars rise
4 min earlier each day, so that the sky in autumn looks
different from that in spring. At the same time, the sky
changes its appearance with geographic latitude. Dur-
ing autumn migration, as the bird moves south, the
northern stars slowly lose altitude and approach the
horizon, while new stars appear at the southern hori-
zon. Birds have to integrate these new stars into their
star compass. Experiments under the natural sky with
altered magnetic fields indicate that the magnetic com-
pass provides the reference system which gives direc-
tional meaning to the new stars during migration (e.g.,
[118,119], a.0.).

So far, a star compass has been demonstrated only in
a few species of songbirds that migrate at night. Since
the majority of birds are primarily day active, the star
compass could be a special mechanism developed by the
nocturnal migrants to orient their extended flights. It
is unknown whether generally night-active birds, like,
e.g., nightjars or owls, also use the stars as a compass
as such birds have not yet been studied.



Eur. Phys. J. Spec. Top. (2023) 232:237-252

4 The course to the goal

The mechanisms of determining the course to the goal,
that is, the direction that is to be pursued to reach
the goal, are less well known than the compass mech-
anisms, although there has been considerable progress
during the last decades. Again, birds, in particular hom-
ing pigeons, are the best studied group, but also marine
turtles and the desert ant Cataglyphis have been stud-
ied in detail.

For most animals, a frequent task is to orient within
their home range, i.e., to return to a resting place, their
burrow, their nest, etc. In this case, for the first step of
the navigational process, the animals have the option to
use various informations collected during the outward
journey. Animals that cover larger distances, e.g., birds,
can also establish a learned system based on remem-
bering the spatial distribution of several environmental
factors, the so-called navigational ‘map’. Another task
is to reach a yet unknown goal in migration—for this
animals have to rely on innate programs.

4.1 The use of information obtained during the
outward journey

When returning to a specific place, such as a burrow
or a nest, animals can theoretically rely on landmarks,
following the sequence of landmarks they observed dur-
ing the outward journey in reverse order. Many animals
have been shown to respond to landmarks, in particular
in the vicinity of their nest (e.g., [125,126] a.o.). How-
ever, it is difficult to demonstrate that this strategy is
used during natural movements, and clear evidence is
not available. If the outward journey has not been on a
straight route, following a sequence of landmarks back-
wards has the disadvantage that the return paths is
not the most direct, but shows the same windings and
detours.

Another strategy would be to record the direction of
an outward journey with a compass and reverse this
direction to head home. If the outward journey was not
straight, but consisted of frequent changes in direction,
the animal must consider the various compass direc-
tions and the respective distances of the parts of path
and integrated them, to obtain the net direction of
the outward journey. This strategy—path integration
[127]—has been observed in desert ants: Leaving their
nest, they start to search around for food, with wind-
ing paths covering a certain area—after having found a
food item, however, they carry it back to their nest on
the direct route (Fig. 4) [127]. Experiments have shown
that the ants use their skylight compass, integrating all
the twists and turns of the outward journey (for details,
see [128]). They also have a rather precise idea of the
distance to home—after covering that distance, they
start to systematically search around [129]. Path inte-
gration may be combined with landmark memories to
guide ants and bees back to their nest (see e.g., [130—
132], which is a very effective, safe strategy. Little is
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Fig. 4 Outward paths and return path of a foraging desert
ant Cataglyphis, illustrating path integration. The outward
path (thin line) is characterized by searching around; after
the ant found a food item, it returns on a more direct route
(thicker line). The small circles indicate the position every 1
min. The outward path is 592.1 m long and took 18.8 min,
the return path is 140.5 m long and took 6.5 min (after
[215], modified)

known about other animals, but it may be assumed
that many make use of this strategy.

Experiments with young, inexperienced homing pigeons
indicate that for determining the heading home, they
also rely on information obtained during the outward
journey. The first spontaneous flights escape analysis,
but young birds can apply path integration also when
passively transported, using their magnetic compass
to record the direction of the outward journey. Dis-
placing them in a distorted magnetic field caused dis-
orientation, while staying in the same distorted field
after arrival at the release site had no effect [133]—
having access to magnetic compass information during
displacement proved crucial. This effect could only be
observed in young, inexperienced birds, however; expe-
rienced pigeons apparently change their navigational
strategy and do not need this type of outward jour-
ney information any longer [134]. Yet to what extent
they may additionally use it when available is unclear.

Relying on route information and path integration
is an efficient strategy over short distances, as it does
not require any previous knowledge. Yet over longer
distances, it has the disadvantage that small mistakes
may accumulate, and there is no way to correct these
mistakes relying on outward journey information alone.
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Fig. 5 The innate migration program of garden warblers,
Sylvia borin. (Left): birds from southern Germany migrate
via the Iberian Peninsula to their African wintering areas
(marked red). (Right): the headings of hand-raised birds

tested during their first autumn migration, showing the shift
in direction from SW during August and September to SE
in October and November (from [137], modified)
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4.2 Migration: reaching a still unknown goal by
innate programs

Many animals start migrating immediately after they
are born. With mammals like caribous or gnus and
zebras, but also with whales, the young ones stay with
their mothers and follow them to the regions where they
have to go—here, parental guidance leads them along
traditional routes. This may also apply to some bird
species that migrate as families in flocks. Other young
animals, however, have to start migrating alone, and
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they are endowed with innate programs that guide their
movements.

In migratory birds, the innate program consists
of directions and distances to the wintering area of
their species/population. The direction is genetically
encoded with respect to the magnetic compass and
celestial rotation: Birds hand-raised without ever see-
ing the sky, tested during autumn migration in cages
in the geomagnetic field headed into their migratory
direction ([e.g., [135,136] a.0.); they even change direc-
tion if their migration route is not straight (Fig. 5)
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[137]). Birds hand-raised under a rotating planetarium
sky or an artificial “sky” with an arbitrary pattern of
little light dots headed away from the center of rotation
[122,124]. When migratory birds were caught during
migration and displaced several 100 km perpendicularly
to their migration route, young birds migrating for the
first time continued in their migratory direction, ending
up in a different region (Fig. 6)—not knowing their goal
yet, they could not yet navigate toward it. Adult birds
that had already stayed in the wintering area the year
before, in contrast, compensated for the displacement
(see below); they changed course and headed directly
toward their winter quarters ([138,139] a.o.).

Newly hatched marine turtle spontaneously move
from the beach into the ocean, guided by visual cues,
heading toward the brightest part of the sky. After hav-
ing reached the water, they start swimming into the
incoming waves, probably detecting their direction by
their orbital movements, and later maintain this direc-
tion by their magnetic compass. Hatchling loggerheads,
Caretta caretta (Cheloniidae) from Florida then enter
the Atlantic gyre where the stay the next years (see
[140] for details). Innate directional responses to cer-
tain combinations of magnetic intensity and inclina-
tion ensure that they stay inside favorable marine areas
([141] a.o0.).

Fishes like Pacific salmons and eels migrate only
twice during their life—from their birthplace to the
region where they spend most of their life and later back
to their birth place; they also follow innate programs for
their migration. Sockeye Salmon, Oncorhynchus nerka
(Salmonidae), leave their hatching site in little streams
and creeks, responding to currents and heading in spe-
cific directions by magnetic and celestial cues, first to
reach a nursery lake and later to migrate downstream
toward the ocean (for details, see [142]).These innate
programs are specifically adapted to the stream sys-
tems where they live [143]. When in the ocean, specific
magnetic conditions elicit swimming in particular direc-
tions to make them stay in their normal habitat [144].
Eels, born in the ocean, migrate to spend most of their
life in fresh water. European eels, Anguilla anguilla,
born in the Sargasso Sea, follow the current of the Golf
stream, but this passive transportation is supported by
active swimming, presumably in directions indicated
by their magnetic compass. When in brackish water,
they enter an estuary and move upstream, swimming
actively against the current for various distances into
fresh water [145].

Marine turtles as well as salmon and eels return to
their birthplace to lay their own eggs. They imprint on
their hatching site and store the respective conditions in
their memory. Marine turtles probably rely on the local
magnetic conditions [146], whereas salmons imprint on
the odors of their natal creeks [147].

4.3 True navigation: use of local, site-specific
information: the ‘Map’

Many animals return after passive displacement over
various distances; they are capable of true navigation
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in the sense that they can head towards a specific
goal from unfamiliar sites. The mechanisms they use
are largely unknown; they have been analysis to some
extend only in birds, in particular in homing pigeons.
In the middle of the last century, navigation by astro-
nomical factors was suggested for birds: Matthews for-
warded the Sun navigation hypothesis [148], and Sauer
interpreted his planetarium results with migrants as
indicating true navigation by stellar cues [149]. The
clock-shift experiments (see above), however, clearly
show that shifting the internal clock affects the com-
pass only, while the bird determined their location and
the home course correctly (e.g., [72], see above). The
planetarium experiments by Emlen ([116], see above)
identified the birds’ use of stars as compass orientation.
This indicates that the factors birds use for true navi-
gation are not astronomical, but geophysical in nature.

4.3.1 The concept of the navigational ‘map’

Pigeons return when displaced to unfamiliar distant
sites from the area of their direct experience they usu-
ally leave these sites heading into directions not far
from their home direction—this indicates that they can
interpret the local factors more or less correctly, even
if they have never been there before. It suggests that
these factors have the nature of gradients—birds famil-
iarize themselves with the course of these gradients in
their home area and can extrapolate this knowledge
when they are at an unfamiliar site. They compare the
local values of the gradients with the remembered val-
ues from home. If a pigeon has experienced that, e.g.,
factor A increases toward north and at a given site it
encounters values of A that are larger than within its
home range, it knows that it is farther north and con-
sequently has to head south to return. Wallraff [150]
described this model in detail, assuming that the birds’

Fig. 7 Vanishing bearings of a pigeons and b bank swal-
lows from a colony near the loft, released at a site 143
km away; the home direction 200°is indicated by a dashed
radius. Both species showed a marked clockwise deviation
from the home direction, indicating that they used the same
navigational factors and interpreted them in a similar way.
In a, the black dots mark bearings of untreated control birds
and the red dots those of pigeons whose internal clock was 5
h advanced. The clock-shifted pigeons, although vanishing
closer to the home direction, returned much later, and more
got lost (data from [150])
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navigation is based on at least two, possibly more gra-
dients that enable birds to determine their position rel-
ative to home, and from this derive the home course.

The birds’ headings often deviate somewhat from the
true home direction, with these deviations being charac-
teristic for a given site—the so-called release site biases
(Fig. 7). These deviations are attributed to local irreg-
ularities in the distribution of the navigational factors
[151]; they are normally not very large and do not pre-
vent birds from returning—obviously, the initial error
is later corrected.

The ‘map’ is a learned system, based on experience.
Young birds acquire the respective knowledge during
spontaneous flights in their home range. When hom-
ing pigeons are regularly released at the loft, in about
their third months of life, they start to venture fur-
ther away from their loft, often staying out of sight
for more than an hour. It is to be assumed that dur-
ing these flights they are aware of their flight direc-
tions by a compass and observe how the potential nav-
igational factors change with distance in the various
directions, thus establishing their navigational ‘map’,
a directionally oriented mental representation of the
spatial distribution of the navigational factors in their
home region. This applies to migratory and sedentary
birds alike. Young migrants roam around in their home
region before their start migration—e.g., young bank
swallows, Riparia riparia (Hirundinidae) from a colony
at the southeastern English coast were found to move
all over England, several as far north as Scotland, before
they left for fall migration [152]. A study with hand-
raised migrants showed that only birds that had had
the chance to fly around at the release site for some
time could return to that region next spring; birds that
had been released after the onset of migration and left
right away did not come back [153].

While all birds probably establish a ‘map’ of their
home region, migrating birds also experience the dis-
tribution of ‘map’ factors during their first migration,
establishing a ‘map’ of their migration route. This is
documented by the observation that from their second
migration onward, migrants are able to compensate for
displacements—they abandon their traditional migra-
tory direction and head directly toward their goal—
their breeding ground or wintering area (see Fig. 6)
(e.g., [138,139]). Tracking displaced migrants showed
that in species with long migration routes, some birds
also headed to intermediate feeding areas and from
there join the traditional migration route for the rest of
the journey [154].

4.3.2 The nature of the factors included in the
navigational ‘map’

The nature of the factors used for true navigation is still
a largely open question. A number of factors have been
suggested, among them some with global gradients like
magnetic factors (see [155] a.0.) or gravity [156] , but
also factors of more regional importance like infrasound
[157] and odors (see e.g., [158,159]). Most of these con-
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siderations involve the navigation of birds (see [160] for
review).

Magnetic factors: Magnetic factors are the ones that are
best supported by experimental evidence so far. They
involve total intensity and inclination, both forming
global gradients running roughly north /south from pole
to pole. In many parts of the Earth, the angle between
the two gradient directions is sufficiently large to form
a bi-coordinate ‘map’ [161]. Magnetic declination was
also considered as a navigational factor [162], but later
experiments did not support such a role [163,164].

The first indications for the use of magnetic fac-
tors came in the late 1970s from the observation that
pigeons released in a strong magnetic anomaly seemed
disoriented and departed in random directions [165];
similar findings were reported from magnetic anoma-
lies in other regions [166-168]. The use of magnetic fac-
tors is also supported by the observation that pigeons
treated with a brief, strong magnetic pulse to interfere
with the receptor system for magnetic intensity (see
below) showed significant deviations from untreated
controls at some sites more than 80 km away [169].
In caged migrants, the pulse caused a significant shift
in direction that lasted about 3 days, followed by ca.
1 week of disorientation before the birds resumed their
normal migratory headings [170]. Treatment with such
a pulse had a similar effect on free-flying migrants, but
only on experienced birds; young migrants on their first
migration (which is still controlled by the innate migra-
tion program) remained unaffected [171].

The best evidence for the use of a magnetic ‘map’,
however, comes from magnetically simulated displace-
ments. The first such experiment was performed with
the spiny lobster, Panulirus argus (Decapoda), at the
Florida Keys. When displaced, lobsters tested in arenas,
showed directional tendencies to compensate for the
displacement, heading toward the capture site. Tested
at the capture site in a magnetic field as it occurs north
of that site, they headed southward, whereas lobsters
tested in a field as found south of that site headed
northward (Fig. 8), i.e., in directions that would have
brought them back from the respective sites to capture
site [172]. Similar results were obtained with green sea
turtles, Chelonia mydas, at the Florida coast, tested in
the magnetic fields found ca. 340 km north and south
of the capture site ([173]; see also [174]: They, too, com-
pensate for the simulated displacements.

Corresponding experiments with caged migrating
birds likewise showed that displacements can be sim-
ulated by testing birds in a magnetic field of a distant
site. Reed warblers, Acrocephalus scirpaceaus (Musci-
capidae) caught during spring migration at the Kurish
Spit near the Baltic Sea showed northwesterly headings
toward their breeding area in Southern Finland; tested
in the magnetic field of a site about 1000 km eastward,
they changed this direction, now preferring northwest-
erly headings [175], just as they had had done when
really displaced to that site [176]. That is, birds, too,
compensated for the virtual displacement simulated by
magnetic intensity and inclination (see also [165]).
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Fig. 8 Spiny lobsters,
captured at the Florida
Keys, tested at the capture
site in the geomagnetic
field of a site in the north
and a site in the south.
The lobsters behaved as if
they had been displaced
and preferred directions

that would have brought 30° N+

them back from the

simulated sites to the

capture site (data from

[171] , modified) 26" N+ capture
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A magnetic ‘map’ or the involvement of magnetic
components in the ‘map’ are also proposed for other
animals, among them amphibians [177]—the observa-
tions that animals as different as spiny lobsters, marine
turtles and birds compensate for magnetically simu-
lated displacements suggests that a magnetic ‘map’ may
be widespread among animals.

Little is known about the sensory basis of magnetic
‘maps’. While the perception of magnetic directions in
birds is based on radical pair processes and is asso-
ciated with the visual system (see above), the effect
of the magnetic pulse (see above) indicates that sens-
ing the magnetic ‘map’ involves magnetite [178], with
the duration of the pulse effect—about 10 days [170]—
suggesting superparamagnetic particles (see [179]). The
respective information is transmitted to the brain by
the trigeminal system (see [180,181] for details). With-
out intact trigeminal nerve, birds could not compen-
sate for virtual displacements [182]. How magnetic
‘map’ information is obtained by other animals remains
largely unknown.

Gravity: It was considered as a possible navigational
factor when the disorientation of displaced homing
pigeons in magnetic anomalies was observed [155],
because magnetic anomalies often coincide with gravity
anomalies. Yet releasing pigeons in a gravity anomaly in
America spoke against this possibility [183]. Recently,
however, an effect of raising pigeons in different grav-
ities anomalies in Southeastern Europe was reported
[184], and tracking the flight of pigeons across gravity
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anomalies showed increased scatter up to disorienta-
tion, together with greater losses, which was interpreted
as indicating navigation by use of gravity [156]. A pos-
sible role of gravity in avian navigation is still open.

Infrasound: Natural infrasound (frequencies below 20
Hz) arises from wind over mountains, waves on the
shore, etc.; they are transported over long distances in
the atmosphere and in the ground with little attenua-
tion. Pigeons were shown to be able to hear them [185],
hence they were considered as a potential navigational
cue [186,187].

Hagstrum [188] analyzed large data sets of the late
W.T. Keeton and found a correlation between predic-
tions concerning atmospheric infrasound and the initial
orientation of pigeons toward home. Another analysis
comparing the orientation of pigeons deprived of hear-
ing with that of untreated controls produced mixed
results [189]. Altogether, the validity of the acoustic
navigation model proposed by Hagstum [188] is unclear,
the more so since it is hardly compatible with the Map-
and-Compass model (see [160] for discussion).

Odors: The role of odors in avian navigation has been
most controversially discussed so far. In the beginning
of the 1970s, Papi and colleagues in Italy reported that
pigeons deprived of olfaction were reluctant to take
off, departed randomly, and many got lost [190]. The
authors concluded that odors are essential navigational
cues and forwarded the olfactory navigation hypothesis.
It assumes that birds associate airborne chemical sub-
stances with the respective wind direction, thus forming
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an olfactory ‘map’, which was believed to provide the
most important, it not the only navigational informa-
tion for birds. Numerous further experiments testing
the role of olfaction in pigeon homing in various ways
were conducted in the following years (for review, see
[159,160,191].

Replicating the experiments with anosmic pigeons
(i.e., pigeons deprived of smelling) in the USA and Ger-
many produced different results; however (e.g., [192,
193)), further experiments indicated that the conditions
of raising and training the birds were of crucial impor-
tance [194] for the pigeons’ response to olfactory depri-
vation. Experiments with migrating birds also showed
that birds deprived of olfaction were unable to com-
pensate for displacements and fell back on their innate
migratory direction [195,196].

An odd aspect of the olfactory findings was that
olfactory deprivation had an effect only at sites that
were unfamiliar to the birds. The protagonists of the
olfactory hypothesis claimed that at familiar sites, birds
followed sequences of familiar landmarks (e.g., [197], see
[160]). In critical tests at a familiar site, however, anos-
mic pigeons deprived of object vision by frosted lenses
departed homeward oriented [198], indicating that they
used non-olfactory, non-visual cues to determine their
home direction. Anosmic pigeons released at familiar
sites also responded to shifting their internal clock
with departing in the expected, deflected direction with
respect to untreated controls (see above) [199], show-
ing that they did not follow sequences of landmarks,
but they determined their home direction as a compass
course.

In 2009, Jorge and colleagues replaced natural odors
by artificial odors and got similar results as in the
olfactory studies [200,201]. The authors suggested that
instead of providing navigational information, odors
had an activation effect, a hypothesis which was sup-
ported by electrophysiological data [202].This, together
with the findings at familiar sites, suggests that odors
may play a activating role when pigeons have to inte-
grate new local data into their ‘map’ at an unfamil-
iar site (see [203] for a discussion). The controversy on
the role of odors in bird orientation is still not finally
resolved.

Salmons, however, orient by odors solved in the water
when returning to their natal creeks. They have been
imprinted on the chemical situation of the stream in
which they were born [147]. After spending a number
of years in the ocean, they begin to return to their
parental creek to spawn. When reaching the estuary
of their natal river system, they swim upstream, fol-
lowing the imprinted odors until they reach their natal
creek (see [204] for an overview). Here, however, odors
are not used as part of a ‘map’, but as a direct cue
which the fishes follow when heading upstream against
the current.
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4.3.3 Navigation near home: the ‘Mosaic Map’

In the vicinity of home, there is an area where birds
are no longer able to distinguish the local values of the
navigational factors from the home values. Here, they
turn to landmarks. A study where the routes of pigeons
deprived of object vision by frosted lenses were recorded
showed that these birds managed to approach the loft in
Upstate New York about 0.5-5 km [205], while in Ger-
many many birds with frosted lenses ended up closer
to the loft, within 100 m, some of them even managing
to reach the loft itself [206]. Landmarks thus appear to
be important in the immediate vicinity and the final
approach to the loft.

Yet even here near their loft, pigeons do not seem
to follow sequences of landmarks, but still determine
their home course as a compass course. This is indicated
by clock-shift experiments within 1.6 km from the loft,
where the birds showed deviations from the untreated
controls indicating sun compass use [207,208]. This led
to the concept of the Mosaic Map, which assumes that
birds memorize the directional relationship and dis-
tance of landmarks near their home, thus forming a
‘map’ analogue to the navigational ‘map’, but consist-
ing of the representation of numerous individual marks
instead of gradients (see [150,209]).

4.4 A flexible system based on innate and learned
components

Young, inexperienced birds first rely on innate mecha-
nisms like route reversal and path integration on the
basis of compass orientation; inexperienced migrants
are guided by innate migration programs. This gives
them a chance to learn and memorize the spatial distri-
bution of potential navigational factors, i.e., to estab-
lish a ‘map’ of their home region and their migration
route. The ‘map’, in contrast to route-based informa-
tion, allows birds to re-determine the course to the goal
whenever they feel it necessary—this increases the cer-
tainty of reaching the goal.

We must assume that young birds include in their

‘map’ all suitable factors that can be used for navigation—

the ‘map’ is multifactorial (see e.g., [209,210]) and prob-
ably includes more factors than just the ones mentioned
above, e.g., the view of landscape feature as they change
with distance [211] and others. The ‘map’ appears to
be largely redundant: When released within a strong
magnetic anomaly, pigeons deprived of magnetic ‘map’
information by local anesthesia of their upper beak left
in an oriented way—not being able to sense the anoma-
lous magnetic field they were not confused and obvi-
ously turned to non-magnetic cues for navigation right
away [212].

Being based on experience, the ‘map’ is perfectly
adapted to the situation within the home region and
along the migration route and allows birds to directly
head to familiar goals. However, the available naviga-
tional factors may differ in various regions, and so we
cannot expect the ‘map’ to be identical everywhere.
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There may be differences in the preferred cues, and
findings obtained in one region thus cannot simply be
generalized to another without testing.

The above considerations are based on navigational
experiments with birds—to what extent they also apply
to other animals covering greater distances remains to
be determined.
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