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AVIAN NAVIGATION

Their superb ability to fly allows birds to move faster 

than any other animals: even small passerines fly at top speeds 

of up to – km h−, pigeons can fly about – km h−, and 

birds like swifts are even faster. The distances birds cover during

everyday life are considerably longer than those covered by mam-

mals of similar size. Some marine birds venture out for extended 

foraging trips over the sea; albatrosses 

(Diomedea spp.), for example, may 

cover several thousands of kilome-

ters. Displaced carrier or homing pi-

geons (Columba livia f. domestica)

are famous for homing over hundreds 

of kilometers from unfamiliar sites, 

and many wild birds also home over 

considerable distances (for an over-

view, see R. Wiltschko ). Numer-

ous avian species migrate each year 

to spend the winter in the tropics or 

in the summer of the opposite hemi-

sphere, covering thousands of kilo-

meters. Two of the most spectacular 

examples of large migration routes 

are those of Sooty Shearwaters (Puffi-

nus griseus) from New Zealand, which 

wander all over the Pacific Ocean up 

to Kamchatca and Alaska, and Arc-

tic Terns (Sterna paradisaea), which 

breed in the Arctic tundra and win-

ter on the Antarctic coast, flying around the globe every year. 

The mechanisms of orientation and navigation of birds must be 

adapted to these tremendous demands.

After a few publications on theoretical considerations about 

avian navigation and initial preliminary experiments, systematic 
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“This combination of innate 

and learned components makes 

the navigational system highly 

flexible…. [It] enables birds to make 

use of a wide variety of factors 

the environment has to offer, at 

the same time ensuring that the 

learned mechanisms are perfectly 

adapted to the local situation. 

This makes avian navigation 

so powerful and effective.”

The Auk 126(4):717–743, 2009.
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studies to analyze birds’ navigational mechanisms began in the 

s, when the sun compass was the first orientation mechanism 

to be identified (Kramer ). Our knowledge has increased con-

siderably since then, although a number of open questions remain. 

Here, we briefly summarize what is known today about birds’ nav-

igational mechanisms.

REFERENCE TO THE GOAL

When flying around in their spacious 

territories, on extended foraging 

trips or during migration, birds are 

usually so far away from their goal 

that they are beyond any direct sen-

sory contact. Yet they have to reach it 

speedily and efficiently to minimize 

time, energy expenditure, and the 

risk of predation. They face the task 

of finding the distant goal without 

the help of any direct cue emerging 

from it.

Birds solve this problem by es-

tablishing contact with their goal 

through the help of an external ref-

erence, in a two-step process first 

suggested by Kramer (, ) in 

his “map-and-compass” model orig-

inally designed for homing pigeons. 

In the first step, equivalent to use of a map, birds determine the 

compass course to their goal—information that, in human terms, 

would be something like “in the south” or “in the east.” In the

second step, they consult a “compass” to locate this course, obtain-

ing information like “this way” or “go there” (Fig. ). The crucial 
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 μT near the magnetic equator, where field lines are parallel to 

the earth’s surface (see Skiles ).

Birds’ ability to use the geomagnetic field for orientation was 

first demonstrated in the s in migratory birds. During the 

migration season, these birds show a strong preference for their 

seasonally appropriate migratory direction, not only in nature but 

also in captivity. For example, in the Northern Hemisphere, south-

ern directions are preferred in autumn and northern directions 

in spring. The limited space of a cage allowed the experiment-

ers to easily manipulate the magnetic field around the cage with 

Helmholtz coils in a controlled way, to expose the birds to vari-

ous magnetic conditions and record their responses. In the crucial 

experiments, European Robins (Erithacus rubecula) were tested 

in an experimental magnetic field with intensity and inclination 

identical to those of the local geomagnetic field, but with magnetic 

north turned to east-southeast. The birds, following the shift in 

magnetic north, then preferred southeasterly headings (Fig. ; e.g., 

W. Wiltschko ). This response clearly showed that they used 

the magnetic field to orient their migratory behavior.

Functional properties of the avian magnetic compass

Using migratory orientation as a criterion for whether birds 

could detect a specific magnetic field and what they assumed to 

be magnetic north, researchers analyzed how the avian magnetic 

compass works. It was found to differ fundamentally from our 

technical compass in three ways (for summary, see W. Wiltschko 

and Wiltschko b): it is an “inclination compass,” it spontane-

ously operates only within a limited functional window, and it is 

light dependent.

Inclination compass.—Birds from the Northern Hemisphere 

were tested in spring in a field with magnetic north unchanged but 

with the inclination turned upward, as it is found in the South-

ern Hemisphere. In this situation, the birds reversed their head-

ings, now preferring southerly instead of northerly directions. 

This response indicated that they do not rely on the polarity of the 

idea of this model, that contact with the goal is established by an 

external reference, is not limited to homing; it can be generalized 

as a “compass model” to include any task of reaching a distant goal 

(see R. Wiltschko and Wiltschko ). Once the bird is aware of 

the compass course that leads to the goal, it is able to fly there.

Hence, to understand the navigational system of birds, we 

must answer two questions. First, how do birds set the course to 

the goal? And second, what types of compass mechanisms do they 

use? We will begin here with the second question, because the 

compass mechanisms the birds employ are much better under-

stood than the mechanisms that provide the compass courses.

COMPASS MECHANISMS

A compass is a mechanism that indicates where directions like 

north, east, south, and west lie, independent of the location on 

earth where it is used. There are only two types of natural cues that 

provide the required information: () the geomagnetic field and

() celestial cues like the sun, the stars, and associated factors. Both 

have been shown to be used by birds for directional orientation. 

The magnetic field is always available, but the mechanisms based 

on celestial cues differ between day and night and are weather de-

pendent in that their use requires a more-or-less clear sky.

The Magnetic Compass of Birds

The magnetic field of the earth is a vector field. The field lines leave 

the earth at the southern magnetic pole near the geographic South 

Pole, curve around the globe, and re-enter the earth at the north-

ern magnetic pole near the North Pole. With respect to the hori-

zontal, they are inclined upward in the Southern and downward 

in the Northern Hemisphere. In most regions, the field lines run 

roughly north–south, but near the poles there are larger differ-

ences between geographic and magnetic north. The total intensity 

of the geomagnetic field varies between  μT at the poles and 

FIG. 1. The map-and-compass model proposed by Kramer (1953, 1957), 
considering navigation as a two-step process.

FIG. 2. Demonstrating the use of the magnetic field as a compass. Ori-
entation of European Robins in cages in spring with the magnetic field as 
the only cue in the geomagnetic field (left) and in an experimental mag-
netic field of the same intensity and inclination, but with north shifted 
by 120  to east-southeast (right). Triangles: mean headings of individual 
birds; arrows: mean vectors in relation to the radius of the circle  1. Inner 
circles are the 5% (dotted) and the 1% significance border of the Rayleigh 
test for statistical significance (data from W. Wiltschko et al. 2001).
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magnetic field, which they seem unable to sense. Instead, they re-

spond to the course of the field lines and their inclination (Fig. ). 

As a consequence, this type of compass distinguishes not between 

magnetic north and south (a distinction based on polarity) but be-

tween poleward, where the field lines are inclined downward, and 

equatorward, where they are tilted upward.

Such a compass becomes ambiguous at the magnetic equator, 

where the field lines run horizontally. In a horizontal magnetic 

field, birds were indeed found to be disoriented, and this was also 

true for species that cross the magnetic equator on their annual 

migrations twice a year (W. Wiltschko , Beason ). How 

birds solve the problem of orientation at the magnetic equator is 

not entirely clear; switching over to using, for example, celestial 

cues until the inclination is again above threshold is a possibility. 

Experiments with Bobolinks (Dolichonyx oryzivorus) supported 

this idea (Beason ). For the problem that after crossing the 

magnetic equator the birds have to continue poleward instead of 

equatorward, an elegant solution was found: experiencing the hor-

izontal field itself triggers this change in heading (W. Wiltschko 

and Wiltschko ).

Functional window.—When European Robins were kept in a 

geomagnetic field of  μT and tested in fields with varying in-

tensity, a functional window became evident: decreasing or in-

creasing the local intensity about –% caused disorientation. 

The finding that weaker fields lead to disorientation was not sur-

prising; they could simply have been below threshold. Yet the ob-

servation that increasing the intensity also prevented birds from 

orienting in their migratory direction was unexpected. It offered 

an a posteriori explanation for the failure of many early attempts 

to demonstrate magnetic-compass orientation: the test fields had 

been too strong, outside the functional window.

The functional window is not fixed, however, but can be ad-

justed to different intensities. Birds regain their ability to use their 

magnetic compass in weaker as well as in stronger fields by staying 

in the respective fields for a while. Interestingly, this adjustment 

does not represent a shift or an enlargement of the functional win-

dow. European Robins adjusted to weaker or stronger fields re-

tained their ability to orient in the local magnetic field. They could 

also orient in a field more than  times as high after exposure to 

that field, but they were disoriented in a field with intermediate in-

tensity. It seems that exposure to an intensity outside the normal 

functional range creates a new functional window at this inten-

sity. Recent experiments indicate that the time required for ad-

justments to other intensities is not very long:  h proved sufficient 

to allow birds to become oriented at an intensity twice that of the 

geomagnetic field (W. Wiltschko et al. ). For migrants, this 

flexibility means that their magnetic compass can be optimally 

adjusted to new intensity values: on their way toward their winter 

quarters, they reach regions where the intensity of the geomag-

netic field is considerably lower than in their breeding range, but 

the gradually decreasing intensity they encounter en route adjusts 

their magnetic compass to the new magnetic situations.

Wavelength dependence.—Tests with migratory birds under 

monochromatic light of different wavelengths indicated that the 

avian magnetic compass requires short-wavelength light from 

 nm ultraviolet (UV) up to  nm green; under longer wave-

lengths, the birds were disoriented (Rappl et al. , Muheim et 

al. ; for a summary, see W. Wiltschko and Wiltschko b). 

The monochromatic lights have to be rather dim, however; above a 

certain light intensity that decreases from green to UV, migratory 

birds showed disorientation or axial response that no longer rep-

resented normal compass orientation (R. Wiltschko et al. b).

Physical mechanisms underlying the avian magnetic compass

For a long time, the question of how birds are able to sense the di-

rection of the magnetic field remained unanswered. Any hypoth-

esis to explain magnetoreception in birds must take the known 

characteristics of the avian magnetic compass into account. Such 

a hypothesis, the “radical-pair model,” was forwarded by Ritz et 

al. (). The model suggests that magnetoreception in birds is 

FIG. 3. Schematic view of the geomagnetic field from the west, illustrating the course of the field lines and how the inclination compass of birds 
works (N  north; S  south; He  vector of the earth’s magnetic field; H  vector of an experimental magnetic field; Hh and Hv  horizontal and verti-
cal components of the magnetic field, respectively; g  gravity; »p« and »e« are readings of the avian inclination compass. The bird in the figure flies 
poleward.
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based on spin-chemical processes in specialized photopigments. 

Light-induced photon absorption leads to the formation of a pair 

of radicals with unpaired electrons. These radical pairs may be in 

the singlet state, with electron spins antiparallel, or in the trip-

let state, with spins parallel. The amount of each state and their 

products depends, among other circumstances, on the alignment 

of the molecule in the external magnetic field and could, there-

fore, be used to detect the magnetic directions. For this, the birds 

must be able to compare the amount of singlets or triplets in the 

various spatial directions, which requires an orderly array of pig-

ments. The authors therefore suggested that the magnetosensitive 

processes take place in the eyes, forming centrally symmetric pat-

terns on the retina (Ritz et al. ).

The radical-pair model accounts for all characteristics of 

the avian magnetic compass described above (for details, see W. 

Wiltschko and Wiltschko b). Meanwhile, the prediction that 

magnetoreception takes place in the eyes is also experimentally 

confirmed: the magnetic compass was found to be strongly later-

alized in favor of the right eye (W. Wiltschko et al. , Rogers 

et al. ).

The radical-pair model predicts that the oscillating magnetic 

fields in the MHz range would interfere with the singlet–triplet 

interconversion and, thus, should disrupt the magnetic compass. 

This was found to be true: oscillating fields caused disorientation 

in migratory birds (Ritz et al. , Thalau et al. ), which indi-

cates that the avian magnetic compass is indeed based on radical-

pair processes. Tests in oscillating fields with different frequencies 

and intensities identified the lifetime and properties of the crucial 

molecule, which was found to be optimally sensitive for detecting 

magnetic directions (Ritz et al. ). Cryptochrome, suggested 

by Ritz et al. () and found in the retina of chickens and pas-

serines (Haque et al. , Möller et al. , Mouritsen et al. 

), has the required properties and is discussed as the recep-

tor molecule.

An alternative model for magnetoreception had suggested re-

ceptors based on magnetite, a specific form of Fe

O


 (e.g., Yorke 

, Kirchvink and Gould , Kirschvink and Walker , 

Shcherbakov and Winklhofer , and others). Small particles of 

magnetite have been found in the skin of the upper beak of pigeons 

and passerines (Fleissner et al. , ), but temporarily stun-

ning them with a local anesthetic had no effect on migratory ori-

entation, so these particles do not seem to be involved in the avian 

magnetic compass (e.g., Stapput et al. ).

Magnetic-compass orientation in different tasks

When the findings on magnetic-compass orientation in European 

Robins were first published, they met with considerable skepticism, 

and many other migratory birds were tested for their ability to use the 

magnetic field for orientation. A magnetic compass has been found 

in passerine birds and in a shorebird species, in diurnal, nocturnal, 

and twilight migrants from Europe, North America, and Australia 

migrating short, medium, and long distances. It seems to be a very 

widespread mechanism. Table  lists these species (for a list of the re-

spective references, see W. Wiltschko and Wiltschko b).

But the magnetic compass is by no means restricted to mi-

grants. In the early s, Keeton () reported that magnets 

fixed on their backs would have a disorienting effect on displaced 

homing pigeons released under overcast skies, which suggested 

that the birds use the magnetic compass in homing to locate their 

home course. Young pigeons raised without ever seeing the sun 

TABLE 1. Migratory birds that have been shown to use a magnetic compass.

Taxon Distribution Distance Time of migration

Charadriiformes
Sanderling (Scolopacidae: Calidris alba) Arctic Medium to long Day and night

Passeriformes
Barn Swallow (Hirundinidae: Hirundo rustica) Holarctic Long Day
Dunnock (Prunellidae: Prunella modularis) Europe Short to medium Night
Northern Wheatear (Turdidae: Oenanthe oenanthe) Eurasia Long Night
Garden Warbler (Sylviidae: Sylvia borin) a,c Europe Long Night
Whitethroat (Sylviidae: S. communis) Eurasia Long Night
Blackcap (Sylviidae: S. atricapilla) a Europe Medium to long Night
Subalpine Warbler (Sylviidae: S. cantillans) Mediterranean Medium Night
Goldcrest (Sylviidae: Regulus regulus) Europe Short Day and night
Pied Flycatcher (Muscicapidae: Ficedula hypoleuca) a Europe Long Night
European Robin (Turdidae: Erithacus rubecula) a,b,c Europe Medium Night
Common Rosefinch (Fringillidae: Carpodacus erythrinus) Eurasia Long Night
Chaffinch (Fringillidae: Fringilla coelebs) Europe Short Day
Snow Bunting (Emberizidae: Plectrophenax nivalis) Arctic Short Day and night
Indigo Bunting (Emberizidae: Passerina cyanea) North America Long Night
Bobolink (Icteridae: Dolichonyx oryzivorus) a North America Long Night
Red-eyed Vireo (Vireonidae: Vireo olivaceus) North America Long Night
Yellow-faced Honeyeater (Meliphagidae: Lichenostomus chrysops)a Australia Medium to long Day
Silvereye (Zosteropidae: Zosterops lateralis) a,b,c Australia Medium Twilight

a Species in which an inclination compass has been demonstrated.
b Species in which lateralization of the magnetic compass has been demonstrated.
c Species in which light-dependence of the magnetic compass has been demonstrated.
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showed normal orientation, which indicates that a functioning 

navigational system can develop with the magnetic compass as the 

only compass (W. Wiltschko et al. b). Experiments by Walcott 

and Green (), who released homing pigeons with small coils 

that allowed the magnetic field around their heads to be changed, 

indicated the use of an inclination compass, and experiments 

with pigeons displaced under monochromatic lights suggested a 

wavelength dependence similar to that found in European Rob-

ins (R. Wiltschko and Wiltschko ). Lateralization in favor of 

the right eye is also suggested (Prior et al. ), which points to a 

mechanism like that found in European Robins.

Recently, magnetic-compass orientation has been demon-

strated in two more species of nonmigrants, Domestic Chickens 

(Gallus gallus; Freire et al. ) and Zebra Finches (Taeniopygia 

guttata; Voss et al. ). Because these birds do not show spon-

taneous directional preferences, directional tendencies had to be 

induced by conditioning the birds to look for a reward—a social 

stimulus in chickens, and a food reward in Zebra Finches—in a 

specific magnetic direction in an otherwise featureless arena. The 

birds mastered these tasks, showing that the magnetic compass 

can also be used in small-scale environments as a component of 

spatial memory.

The two conditioning studies mentioned above were the 

first successful ones after numerous earlier attempts to condition 

birds to magnetic directions had failed (e.g., Griffin ). For a 

detailed discussion of the possible reasons why these two stud-

ies succeeded where earlier ones had not, see W. Wiltschko and 

Wiltschko (b).

In chickens, conditioning also was used to analyze the prop-

erties of the magnetic compass, and they were found to be in ex-

cellent agreement with those described in European Robins. 

Light-dependence and a functional window were demonstrated; 

orientation was disrupted by an oscillating magnetic field in the 

MHz-range, which indicates that it too is based on radical-pair 

processes, whereas local anesthesia of the putative receptors in the 

upper beak had no effect (W. Wiltschko et al. ). These find-

ings are important for evolutionary considerations: passerines and 

galliforms belong to different lineages of birds that separated  

mya, in the beginning of the Late Cretaceous (Ericson et al. ). 

Finding the same type of magnetic compass in these not-closely-

related species suggests that it is common to all modern birds and 

already existed in their ancestors in the Mesozoic.

In summary, a magnetic compass is widespread among birds, 

and it can be employed to locate courses of different nature in 

different tasks: the migratory direction, the home direction, di-

rections in a limited space set by the experimenter, and those re-

membered by the bird. It is a mechanism that birds can call upon 

whenever they have to locate directions.

The Sun Compass

In contrast to the geomagnetic field, the sun is not a constant cue 

but moves across the sky in the course of the day. This means that 

the time of day must be considered if the sun’s position is inter-

preted to derive geographic directions. Sun-compass orientation 

thus involves the internal clock. Yet the sun’s arc is not constant 

but depends on geographic latitude and also changes with season. 

This makes the sun compass a rather complex mechanism.

The use of the sun for orientation was first demonstrated by 

Kramer () in his classic mirror experiment. He tested a Euro-

pean Starling (Sturnus vulgaris) in a round cage that was placed 

in the center of a pavilion with six symmetrically positioned win-

dows. When the windows were equipped with large mirrors that 

deflected the incoming light by  , the bird changed its direc-

tional preference accordingly, which indicates that it used the sun 

for orientation.

Schmidt-Koenig () used a different approach, making 

use of the fact that the internal clock was involved. He confined

pigeons in a light-tight room for at least five days under a photo-

period that was shifted with respect to the natural one, usually by 

 h, to reset their internal clock. When later released, the birds 

misjudged the time of day and, consequently, the position of the 

sun. A pigeon whose internal clock was shifted  h fast, released at 

 hours, would interpret the morning sun in the east to be the 

noon sun in the south and, for example, intending to head south, 

would head east instead. This would result in a typical counter-

clockwise deflection, which indicates the use of the sun compass. 

Setting the internal clock  h slow results in a corresponding 

clockwise deflection (Fig. ). This is true for experiments in the 

Northern Hemisphere; in the Southern Hemisphere, where the 

sun moves from east via north to the west, the induced deflections 

are the mirror image of those described above (see R. Wiltschko 

et al. ).

Functional properties of the avian sun compass

Clock-shift experiments became an important tool to demon-

strate sun-compass orientation and to analyze the functional 

mode of this mechanism.

Use of the solar azimuth.—The early researchers (e.g., 

Schmidt-Koenig ) observed that birds apparently rely only on 

the sun’s azimuth (i.e., the direction of the sun), ignoring its alti-

tude. In the example described above, the pigeon is released at its 

subjective noon when it should be expecting the sun to be high. 

Instead it sees the sun low above the horizon, but nevertheless it 

treats it as if it were the noon sun and shows the respective de-

flection. Clock-shift experiments near the Equator indicated that 

FIG. 4. Demonstrating sun-compass use: homing pigeons are released 
north of their loft, and the home direction is indicated by a dashed radius.
Symbols at the periphery of the circle mark the vanishing bearings of
individual birds, and arrows represent the mean vectors. Open symbols 
represent untreated control birds, and solid symbols birds whose internal 
clock was shifted 6 h.
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pigeons can still determine the solar azimuth when its distance 

from the zenith was between   and   (Schmidt-Koenig ).

Different rates of change in the solar azimuth in the course of 

the day.—After sunrise, the sun quickly gains altitude but makes 

only slow progress in azimuth; around noon, when the sun is high, 

the azimuth changes rapidly but the changes in altitude are small. 

These differences in the solar azimuth’s rate of change are rela-

tively small at higher latitudes but become considerable at temper-

ate latitudes and extreme at the Equator, where, at the equinoxes, 

the sun is in the east all morning and in the west all afternoon. The 

first indications that birds correctly compensate for the different 

rates of change in the solar azimuth came from clock-shift experi-

ments near the Equator in Brazil: pigeons whose internal clock 

was shifted  h showed a   change when they were released in 

the afternoon while their internal clock still indicated morning 

(Ranvaud et al. ). Experiments in New Zealand at  S also 

involved -h shifts, with one group of pigeons released during the 

hour after sunrise and the hour before sunset, when the expected 

deflection was only  , and another released between  and 

 hours, when it was  . The two groups differed markedly in 

the size of deflection from the untreated controls (Fig. ), which 

indicates that pigeons are indeed aware of the different rates of 

change in the solar azimuth (R. Wiltschko et al. ).

Polarized light.—The light from the sky is partly polarized, 

with the maximum polarization, %, forming a band at   to 

the position of the sun. Hence, birds could, theoretically at least, 

use the polarization pattern to determine the sun’s position when 

the sky is partly cloudy. Insects like bees and ants are known to do 

so (see von Frisch , Wehner ), but displaced homing pi-

geons do not seem to use the pattern of polarized light in this way 

(Kramer , Chelazzi and Pineschi ). Keeton (), who 

had released pigeons whose internal clock was shifted  h under 

a partly cloudy sky, reported that the birds showed the typical de-

flection as long as the sun was visible to the experimenters.

In migratory birds, however, the polarization pattern ap-

pears to play an important role, in particular at sunset, when 

many night-migrating birds start their nocturnal flight. At this 

time the pattern is very conspicuous, forming a vertical band at 

  from the sun through the zenith. Observing a clear sky at dusk 

was found to improve orientation (e.g., Moore , Akesson et al. 

). The use of polarized light as a sunset cue was first indicated 

when Able () reported that the orientation of migrants in test 

cages could be affected by polarization filters that rotated the axis 

of the e-vector of polarized light: the birds changed their head-

ings accordingly, although the western part of the sky was still the 

brightest (see Moore , Able ). In later experiments com-

paring the response to natural and artificially polarized light, dif-

ferences in the birds’ response became evident. Night-migrating 

Blackcaps (Sylvia atricapilla) preferred directions parallel to the 

artificial e-vectors produced by polarization filters, whereas they 

maintained an angle of   to the natural e-vector, heading into 

their southwesterly migratory direction (Helbig and Wiltschko 

). Moore () and Able (), whose test species had south-

erly migratory directions more or less coinciding with the one end 

of the natural e-vector axis, could not detect this difference.

Use of polarized light, however, was indicated when Black-

caps and European Robins tested at sunset in a compensated 

magnetic field continued to prefer their migratory direction but 

became disoriented when the test cage was covered with a depo-

larizer that eliminated polarization (Fig. ; Helbig , ). Ex-

periments with an Australian diurnal migrant, the Yellow-faced 

Honeyeater (Lichenostomus chrysops), indicated a similar role of 

polarized light as an orientation cue. These birds remained ori-

ented in a compensated magnetic field as long as the pattern of 

polarized light was visible; when it was disrupted by depolarizers, 

they were disoriented, although the sun itself was still visible as 

the brightest spot in the sky (Munro and Wiltschko ).

FIG. 5. Demonstration that pigeons consider the different rates of change 
in the solar azimuth in the course of the day. Pigeons were released at 
different times of day. The home direction is marked by a dashed radius.
Open symbols indicate bearings of untreated control birds, and solid sym-
bols indicate bearings of birds whose internal clock was shifted by 4 h.
Triangles mark bearings at a time when the difference in solar azimuth 
between actual time and the birds’ subjective time was 38 , and dots 
mark bearings at a time when the respective difference was 125  (data 
from R. Wiltschko et al. 1998).

FIG. 6. Demonstration of orientation by polarized light: orientation of 
European Robins in a distorted magnetic field under the clear evening 
sky and under depolarizers. Symbols at the periphery of the circle mark 
headings of birds that were tested alternately in both conditions. Inner 
circles are the 5% (dotted) and the 1% significance border of the Rayleigh 
test (modified from Helbig 1991).
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The ontogenetic development of the sun compass

The fact that the sun’s arc depends on geographic latitude means 

that the compensation mechanisms of the sun compass must be 

finely tuned to the location where the birds live. Considering this, 

it was no surprise that the sun compass is not innate but is based 

on experience. This was first demonstrated by a series of experi-

ments with young pigeons that had been raised in a permanent 

-h slow-shifted photoperiod: these birds knew the sun only in the 

afternoon, which was their subjective morning. During the time 

when their artificial photoperiod overlapped with the natural one, 

they were allowed to fly freely in their loft and also received sev-

eral training flights. When released in critical tests on a sunny af-

ternoon, they oriented just as the control birds that had lived in 

the natural photoperiod did. To find out whether they really used 

the sun compass, the experimental group’s internal clock was 

shifted back to the natural day, whereas that of the control birds 

was shifted  h fast (Fig. ). Released under sunlight, the experi-

mental birds now showed the typical deviation, which indicates 

use of the sun compass, and their orientation did not differ from 

that of the fast-shifted controls (W. Wiltschko et al. ).

The behavior of the experimental group clearly shows that 

the pigeons were using a sun compass, albeit a false one adjusted 

to the experimental situation: for them, the “morning” sun had 

been in the south, and the sun at midday in the “west”; they did not 

know about the afternoon sun because they had been confined in 

their loft. This documents that the sun compass is a mechanism 

based on experience. Clock-shift experiments in New Zealand 

showed that the pigeons there, descendents of European pigeons 

introduced by early settlers, learn a sun compass that compen-

sates for the counterclockwise movement of the sun in the South-

ern Hemisphere (R. Wiltschko et al. ).

Learning the sun compass.—The ontogeny of the sun com-

pass was analyzed in young homing pigeons. These birds leave 

the nest when they are  days old and start to fly at an age of 

 weeks, at first only short distances, but soon they begin to fly 

longer distances and more perseveringly. A series of experiments 

that shifted the internal clock of young birds of various ages and 

experience indicated that the sun compass spontaneously devel-

ops in the third month of life. There seemed to be a lot of variance, 

however, although most birds younger than  weeks did not show 

the typical deflection indicating sun-compass orientation, some 

individuals already showed deflected headings. From the age of  

weeks onward, young pigeons responded with the typical deflec-

tion (R. Wiltschko and Wiltschko ). However, early training 

flights and the associated flying experience advance the develop-

ment of the sun compass considerably, such that it is already work-

ing at the age of – weeks. Being faced with the necessity to orient 

apparently initiates the learning processes in young pigeons and 

can lead to establishment of the sun compass at a younger age.

Young pigeons that had seen the sun only in the afternoon 

proved unable to use the sun compass in the morning and were 

disoriented by magnets glued to their backs (R. Wiltschko et al. 

). When released with their internal clocks shifted  h slow in 

their subjective morning, they oriented homeward like the con-

trols (R. Wiltschko and Wiltschko ). Both of these findings 

indicate that pigeons without sun experience in the morning used 

their magnetic compass instead. Apparently, birds have to observe 

large portions of the sun’s arc at different times of day to develop a 

sun compass that works during the entire day.

Magnetic field as reference.—The observation that young 

pigeons have to observe the sun’s arc led to the question of how 

they register the sun’s progress. One possibility was the use of the 

magnetic compass. To test this hypothesis, young pigeons at the 

age when they learn the sun compass were exposed to the natu-

ral sun for  sunny days in an artificial magnetic field with mag-

netic north turned   clockwise to east-southeast. Released 

away from their loft, they showed a marked clockwise deflection 

from control birds (Fig. ), which suggests that they had learned 

an abnormal sun compass in the experimental magnetic field (R. 

Wiltschko and Wiltschko ). This indicates that the magnetic 

compass, an innate mechanism, provides the reference system for 

learning the sun compass.

Old, experienced pigeons exposed to the natural sun in a field 

with shifted magnetic north did not respond with a deflection, but 

rather flew in the same direction as the controls—they seemed to 

have ignored the altered directional relationship between sun and 

magnetic field (R. Wiltschko and Wiltschko ). This difference 

between young pigeons at the age of learning the sun compass and 

older pigeons suggests a sensitive period during which young birds 

pay particular attention to the sun and its directional relationship 

to the magnetic field. Apparently, the learning processes that es-

tablish the sun compass present a defined developmental process, 

with a special readiness to obtain the relevant information.

Adjustment to seasonal changes.—The sun compass, once 

learned, must remain flexible, because the changes of the sun’s arc 

in the course of the year make a continuous gradual adjustment 

FIG. 7. Demonstration that the sun compass is based on experience. The 
home direction is indicated by a dashed radius. Left: solid symbols indi-
cate bearings of pigeons that lived in a photoperiod permanently shifted 
6 h slow, the home direction is indicated by a dashed radius, and open 
symbols indicate vanishing bearings of untreated control birds. Right: 
solid symbols indicate bearings of pigeons formerly kept in a photope-
riod permanently shifted 6 h slow whose internal clock had been re-
set to normal time, and open symbols indicate bearings of control birds 
whose internal clock was shifted 6 h fast. The diagrams above indicate 
the light-and-dark phase of the respective group of pigeons (data from 
W. Wiltschko et al. 1976).
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necessary. How the birds cope with this problem has not been an-

alyzed. A series of experiments with adult pigeons that were sub-

jected to a -h slow shift and lived in this artificial photoperiod for 

three months, being allowed to fly freely during the overlap time 

between the natural and their subjective day, showed that these 

birds altered their sun compass, adjusting it to the experimen-

tal situation (W. Wiltschko et al. ). The sun compass thus re-

mains flexible, and adjusting it to the seasonal changes of the sun’s 

arc should not pose a problem. Analogizing to the processes that 

establish the sun compass, one might assume that the magnetic 

field serves as a directional reference for these adjustments.

The experiments analyzing the development of the sun 

compass were all performed with homing pigeons, with nothing 

known about the development of the sun compass in other avian 

species. We can only speculate that it occurs in a similar way, but 

data are not available.

Use of the sun compass in various orientation tasks

Most studies on sun-compass orientation involved displaced hom-

ing pigeons. Sun-compass use was also demonstrated in displaced 

Mallards (Anas platyrhynchos; Matthews ) and feral pigeons 

(Edrich and Keeton ). Another behavior in which the sun 

compass plays an important role is caching and recovery of seeds. 

Tested in an aviary  m in diameter, three species of American 

jays—Western Scrub-Jay (Aphelocoma californica), Pinyon Jay 

(Gymnorhinus cyanocephalus), and Clark’s Nutcracker (Nucifraga 

columbiana)—shifted their searching behavior in the predicted 

way when their internal clock was shifted by  h (W. Wiltschko and 

Balda , W. Wiltschko et al. ). This implies that they remem-

bered their caches in terms equivalent to “in the northern sector of 

the aviary.” In a similar task involving searching for seed hidden 

by the experimenter, sun-compass use was demonstrated in Black-

capped Chickadees (Poecile atricapillus; Duff et al. ). Thus, 

in these species, the sun compass is used as a component of spa-

tial memory. Early conditioning experiments also suggested sun-

compass orientation in Western Meadowlarks (Sturnella neglecta;

von Saint Paul ) and White-throated Sparrows (Zonotrichia 

albicollis; Able and Dillon ). This diversity of species from the 

various phylogenetic lineages suggests that the sun compass is 

rather widespread among birds, and probably common to all.

Interestingly, however, there is no convincing evidence for 

sun-compass use in the orientation of diurnal migrants during 

migration. It is true that the sun compass was first described by 

Kramer () in the European Starling, a day-migrating spe-

cies, but the individual he tested did not head in its migratory 

direction, preferring instead a direction of unclear nature. Clock-

shift experiments with Yellow-faced Honeyeaters, another diur-

nal migrant, did not produce the predicted deflection, but led to 

a behavior that could be interpreted as phototaxis (Munro and 

Wiltschko ). It seems as if the sun compass, although a very 

prominent mechanism in homing and tasks within the home re-

gion, does not play a similarly important role in the orientation of 

diurnal migrants. The reasons may lie in the dependence of the 

sun’s arc on geographic position: as migrants move toward lower 

latitudes, they would have to continuously adjust their compen-

sation mechanisms to the sun’s changing arc. Migrants with a 

strong east–west component in their migratory direction would 

have to continuously compensate for the gradual time shift as they 

cross meridians. This could make sun-compass use during the day 

problematic for extended migration flights of hundreds or thou-

sands of kilometers. For tasks within the birds’ home region, on 

the other hand, it seems well suited, in that it can be finely tuned 

to the local arc of the sun.

This does not mean, however, that diurnal migrants do not 

possess a sun compass. It is to be expected that they establish this 

mechanism and use it when they are not on migration. They prob-

ably have two types of sun compass—one in the breeding area and 

another in the wintering area, both adjusted to the respective local 

conditions. Long-distance migrants crossing the Equator, such as 

Barn Swallows (Hirundo rustica) or Bank Swallows (Riparia ri-

paria), would have two very different sun-compass mechanisms: 

one compensating for the sun’s clockwise movement in the North-

ern Hemisphere and another compensating for its counterclock-

wise movement in the Southern Hemisphere.

The Star Compass

Birds using the stellar sky to indicate directions also are faced with 

the problem that the stars change their position. In the Northern 

Hemisphere, the circumpolar stars rotate counterclockwise about 

the polar star Polaris, which marks the northern celestial pole. In 

the Southern Hemisphere, the circumpolar stars rotate clockwise 

around the southern celestial pole. These stars near the poles are 

visible all night, and their number depends on geographic latitude. 

Stars near the celestial equator rise in the east, wander across the 

sky, and set in the west. Furthermore, because of a difference in 

lengths between the solar and the celestial day, the sky changes its 

appearance with season so that some constellations are character-

istic of the summer and others of the winter sky.

Star orientation was first discussed by Sauer (e.g., ), 

who assumed that night-migrating birds have innate knowl-

edge of the stars and might use them for true navigation. Emlen 

(a) showed that migrants indeed use the stars: Indigo Bun-

tings (Passerina cyanea) reversed their headings when the north-

ern stars were projected to the southern side of a planetarium. By 

FIG. 8. The magnetic field serves as reference for the sun compass. Van-
ishing bearings of three releases of young pigeons are indicated by dif-
ferently shaped symbols. The home direction is indicated by a dashed 
radius. Left: bearings of control birds (C) that had observed the sun in the 
natural geomagnetic field. Right: bearings of experimental birds (E) that 
had observed the sun for 10 sunny days in a magnetic field with north 
shifted by 120  to east-southeast (data from R. Wiltschko and Wiltschko 
1990).
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manipulating the circannual cycle of his birds, he could test indi-

viduals in spring migratory condition and in autumn migratory 

condition side by side under the same stars, and he found that both 

groups preferred their seasonally appropriate migratory direction 

(Emlen a). This clearly showed that the directions chosen un-

der stars depended solely on the physiological condition of the 

birds and not on the appearance of the sky. This finding proved the 

assumption of stellar navigation incorrect, pointing to the use of 

stars as a compass only.

Functional properties of the star compass

Experiments by Potapov (), who shifted the internal clock 

of nocturnal migrants, and Emlen (b), who presented birds 

with a planetarium sky that was advanced by , , or  h with re-

spect to the natural sky, clearly showed that the internal clock is 

not involved in star orientation. This means that night-migrating 

birds do not use single, prominent stars and compensate for their 

movement. Instead, they have a very efficient way to overcome any 

problems arising from the movement of the stars: they derive di-

rectional information from the pattern of constellations with re-

spect to each other and to the celestial pole. Nocturnal migrants 

are assumed to proceed in a manner similar to that of young chil-

dren who are told to find north at night: seek out Ursa Major, pro-

long the line connecting the two hind stars by  times, and by 

this find the polar star that indicates the north direction. This pro-

cedure is independent from the current position of Ursa Major 

and can be used at any time of year.

Little is known about the specific stars or constellations on 

which birds rely for directional orientation. Some observations 

seemed to suggest that the circumpolar region is of particular im-

portance (Emlen b), but the few data show a lot of variance. 

Yet because the star compass is learned (see below), it seems pos-

sible that different birds focus on different constellations, develop-

ing their own individual version of a star compass.

Cues underlying the star compass

The assumption that night-migrating birds have innate knowl-

edge of the stars also proved incorrect. Emlen, having found that 

hand-raised birds could orient under stars only if they had had a 

chance to observe the natural sky before autumn migration (Em-

len b), identified celestial rotation as the mechanism underly-

ing the star compass. He hand-raised two groups of young Indigo 

Buntings in the planetarium; for one group, it was rotating around 

Polaris, simulating the natural situation; for the other, it rotated 

around Betelgeuse, a star in the constellation Orion. When both 

groups were later tested under the same planetarium sky, now sta-

tionary, the first group looked for their southern migratory direc-

tion by heading away from Polaris, whereas the other headed away 

from Betelgeuse (Fig. ; Emlen ).

Later experiments with Garden Warblers (Sylvia borin)

showed that celestial rotation enables birds to use a completely 

artificial star pattern consisting of only  little light dots for com-

pass orientation. Birds that had observed these “stars” rotating 

during the premigratory period could later orient under these now 

stationary stars, whereas birds in a second group that had been 

hand-raised under the same, albeit stationary, star pattern were 

disoriented (W. Wiltschko et al. a). These findings suggest 

that birds do not have any innate knowledge about the composi-

tion of the natural sky but that celestial rotation can give direc-

tional significance to any star pattern.

The experiments mentioned above were performed with 

hand-raised birds and involved exposure to celestial rotation dur-

ing the premigratory period. The processes they reflect are sig-

nificant in relation not only to the star compass, but also to the 

processes that provide the birds with the migratory direction as a 

compass course. We will come back to these below.

The magnetic field is also used as a reference system for cali-

brating the star compass. Birds were able to use an artificial, sim-

ple star pattern for orientation after they had observed it together 

with a magnetic field like the geomagnetic field (W. Wiltschko and 

Wiltschko ).

Use of the star compass

Star-compass orientation has been demonstrated mostly in 

night-migrating passerines with the help of migratory behavior. 

Planetarium experiments similar to those with Indigo Buntings 

described above showed that European Robins and Bobolinks 

have a star compass (Lutsyuk and Nazarchuk , Beason ). 

Fig. 9. Celestial rotation serves as directional reference for the star compass. Young Indigo Buntings were hand-raised under a rotating planetarium 
sky and later tested under the same, now stationary, sky. Left: orientation of control birds (C) for which the planetarium sky had rotated around Polaris, 
simulating the natural situation. Middle and left: orientation of experimental birds (E) for which the planetarium sky had rotated around Betelgeuse 
in Orion, plotted with respect to Polaris (middle) and with respect to Betelgeuse (right). The inner circles are the 5% (dotted) and the 1% significance 
border of the Rayleigh test (data from Emlen 1970).
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Outdoor experiments that showed continuing orientation in the 

migratory direction under stars in the absence of meaningful 

magnetic information also indicated a star compass in European 

Robins, and in Garden Warblers and Pied Flycatchers (Ficedula 

hypoleuca) (W. Wiltschko and Wiltschko a, b; Bingman ). 

Matthews () observed that displaced Mallards, released at 

night, preferred northwesterly directions as long as the stars were 

visible but showed random orientation under overcast skies, which 

suggests the presence of a star compass in this species.

Other birds in other behavioral contexts have not yet been 

studied with regard to stellar orientation. It would be very inter-

esting to learn how nocturnally active groups of birds, like owls, 

nighthawks, pootoos, and frogmouths, orient and whether or not 

they are able to derive directional information from the starry 

sky.

Interrelations between the Compass Mechanisms

With the magnetic compass and the celestial compass mecha-

nisms, birds have two different sources of directional information 

available. This raises the question of how they rate and rank the 

respective mechanisms. Normally, magnetic and celestial infor-

mation will agree and point out the same directions. Setting them 

in conflict, however, will reveal the birds’ preferences, indicating 

a hierarchy of cues.

Interrelations between sun compass and magnetic compass

We already mentioned the ontogenetic relationship between sun 

compass and magnetic compass in homing pigeons, with the mag-

netic field providing the reference system for linking sun position 

and internal clock with geographic direction. When the sun-

compass mechanisms have been established, however, the sun 

compass could, in principle, independently provide directional 

information. In the clock-shift experiments described above, ma-

nipulation of the internal clock caused pigeons to misinterpret the 

sun’s position. This led to the typical deflection from the mean of 

untreated control birds, although the magnetic compass could 

have told the birds the correct direction—this appeared to sug-

gest that information from the sun compass dominates that from 

the magnetic field. The magnetic compass seemed to become a 

back-up system for overcast days.

However, the first researchers doing clock-shift experiments 

had noticed already that the deflection induced by a -h shift of the 

internal clock was often smaller than predicted by the difference 

in solar azimuth between the actual time of day and the pigeons’ 

subjective time (e.g., Schmidt-Koenig ). A detailed analysis of 

numerous clock-shift experiments with pigeons revealed a depen-

dence on age and experience (Fig. ): young pigeons with little ex-

perience, at the age when they had just spontaneously established 

the sun compass, more or less showed the expected deviation (see 

also Neuss and Wallraff ). As the birds became older and more 

experienced, the deflection decreased to only a little more than 

% (R. Wiltschko et al. ). This suggested that the older, more 

experienced pigeons also used other directional information.

A potential source of such information was the geomagnetic 

field. To test this hypothesis, experienced clock-shifted pigeons 

were released with a magnet that temporarily disrupted their mag-

netic compass. These birds showed significantly larger deflections 

than clock-shifted, otherwise untreated birds, with the deflection 

mostly reaching the expected size (R. Wiltschko and Wiltschko 

). Obviously, old, experienced pigeons use the sun compass 

and magnetic compass together, flying a compromise between the 

directions the two systems indicate.

When young pigeons have just established their sun com-

pass, they seem to favor this mechanism, but why should the mag-

netic compass gain importance again as pigeons grow older and 

more experienced? One can only speculate about possible rea-

sons. Older pigeons, in contrast to young ones, have already expe-

rienced the seasonal changes of the sun’s arc and the necessity to 

adjust their compensation mechanism. For this adjustment, they 

probably used the magnetic compass as a directional reference, 

and this experience may have made them more ready to include 

the constant information from the magnetic compass in their nav-

igational processes.

Another point is that clock-shifted pigeons, although they 

show the typical deflection in initial orientation, nevertheless re-

turn home, albeit with a certain delay. For example, from distances 

≤ km, many birds with their internal clock shifted  h fast usu-

ally reached their loft on the day of release—that is, before a new 

sunset and sunrise could shift the internal clock back to normal. 

This excludes sun-compass use. It seems likely that the pigeons, 

when recognizing that their sun compass leads them astray, tem-

porarily abandon it and rely on their magnetic compass instead.

Interrelations between polarized light and magnetic compass

in migrants

For night-migrating birds that start their migration flight around 

sunset, celestial cues at this time of day, like the view of the set-

ting sun and the pattern of polarized light running through the 

zenith, were found to improve orientation (e.g., Moore ). 

FIG. 10. Size of the deflection induced by a 6-h shift of the internal clock 
as a function of age and experience. The deflection expected on the ba-
sis of the difference in solar azimuth between the actual time of day and 
the birds’ subjective time of day was set to 100%. Open symbols indicate 
observed deflections not different than expected, and solid symbols indi-
cate deflections that are statistically significantly smaller than expected. 
Arrowheads mark the medians (data from R. Wiltschko et al. 1994).
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When subsequent experiments showed that the birds changed 

their headings accordingly when the e-vector was rotated with 

the help of polarization filters, although the geomagnetic field was 

unchanged, the polarization pattern was considered the most im-

portant cue, dominating over magnetic cues (e.g., Moore , 

Able ). However, the findings of Helbig and Wiltschko () 

showed that the response of migrants to artificially polarized light 

differed from that to the natural e-vector and raised the question 

of whether experiments with polarization filters reflected the rela-

tionship between polarized light and magnetic information real-

istically. In the natural sky, the maximum polarization is % in a 

band   from the position of the sun, with the degree of polariza-

tion decreasing on both sides, whereas polarization filters polarize 

the light by % over the entire sky, at the same time cutting off 

part of the UV light, thus giving the sky an unnatural appearance. 

Also, the interaction between natural and artificial polarization 

may lead to an inhomogeneity of the distribution of light, which, 

in turn, could affect the birds’ behavior (see Helbig ).

Cage studies.—Tests with migrants at the time of sunset un-

der the natural sky in an experimentally altered magnetic field 

produced different results. Birds tested only once under these con-

ditions showed inconsistent responses: several species seemed to 

ignore the shift in magnetic north and continued in their normal 

migratory direction; others responded bimodally, headed into an 

intermediate direction, or were altogether disorientated; and still 

others followed the shift in magnetic north and changed their head-

ings accordingly (e.g., Sandberg et al. , ; Åkesson , 

; Sandberg and Moore ; Sandberg and Pettersson ; 

Sandberg et al. ). By contrast, birds that were repeatedly tested 

in this situation generally followed the change in magnetic north. 

Some species, like Dunnock (Prunella modularis; Bingman and 

Wiltschko ), Snow Bunting (Plectrophenax nivalis; Sandberg 

and Pettersson ), Red-eyed Vireo (Vireo olivaceus), and North-

ern Waterthrush (Seiurus noveboracensis; Sandberg et al. ), 

responded immediately to the shift in magnetic north. Australian 

Silvereyes (Zosterops lateralis, a twilight migrant) responded im-

mediately to a counterclockwise shift (Fig. , upper diagrams) but 

only with some delay to a clockwise one (R. Wiltschko et al. ). 

These findings indicate that, at least in these species, the magnetic 

field dominates over the polarization pattern at sunset. The delayed 

response of one group of Silvereyes implies that some of the other 

species also may have responded to the shift in magnetic north in 

the end but were not tested long enough for this to become evident. 

Apparently, some birds strongly rely on the sunset cues and need 

some time to become aware of the shift in magnetic north, whereas 

others check the magnetic field more frequently.

After being tested several times in the shifted magnetic field, 

Dunnocks and Silvereyes were tested in a partly compensated 

magnetic field where they had to rely on celestial cues alone. They 

continued in the same direction they had preferred in the shifted 

field (Fig. , center diagrams). Obviously, for them, celestial cues 

had obtained a new directional significance: they had recalibrated 

the pattern of polarized light according to the experimental mag-

netic field (Bingman , R. Wiltschko et al. ). Their magnetic 

compass course remained unchanged (Fig. , lower diagrams; R. 

Wiltschko et al. ).

There is also an example to the contrary: Savannah Sparrows 

(Passerculus sandwichensis) were exposed for several days to the 

natural sky in a magnetic field with shifted north. Tested later in 

the geomagnetic field without celestial cues, they changed their 

magnetic course according to the cue-conflict situation (Able and 

Able ). Unfortunately, these birds had not been tested in the 

cue-conflict situation itself, so their response to the presence of 

the conflicting cues is unknown.

The discussion on the possible role of polarized light was re-

cently revived by a review in which Muheim et al. (a) pro-

posed that the magnetic compass is regularly calibrated by the 

pattern of polarized light at sunrise and sunset. The authors ar-

gued that in this way birds could ensure that their migratory di-

rection corresponds to an absolute geographic direction and is not 

affected by, for example, changing magnetic declination (  differ-

ence between magnetic north and true north). The findings that 

indicated recalibration of sunset cues by the magnetic field were 

dismissed: Muheim et al. (a) stated that in these cases, the 

birds had not been able to see the pattern of polarization down 

to the horizon, claiming that the area just above the horizon was 

FIG. 11. Recalibration of polarized light cues at sunset. Two groups of 
Australian Silvereyes were first tested with regard to the natural sky at 
sunset—the control groups in the local geomagnetic field, and the exper-
imental group in a field with magnetic north shifted to 240  east-south-
east (upper diagrams). They were subsequently tested under the natural 
sky in a compensated magnetic field (middle diagrams) and in the local 
geomagnetic field without a view of the sky (lower diagrams). The inner 
circles are the 5% (dotted) and the 1% significance border of the Rayleigh 
test (data from R. Wiltschko et al. 1999).
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crucial for the calibration processes. Data on Savannah Sparrows 

that seemed to support this view were subsequently published 

(Muheim et al. b). These findings, however, are difficult to in-

terpret. One point is that polarizers had been used to alter the pat-

tern of polarization in a very unnatural way (see above). Another is 

that control tests documenting orientation in migratory direction 

were not reported, so that it is unclear whether the behavior re-

flects migratory orientation at all. When these experiments were 

repeated with Australian Silvereyes, exposing the birds to the 

natural pattern of polarization down to the horizon in a shifted 

magnetic field, the findings of Muheim et al. (b) could not 

be replicated: as before, there was no indication that exposure to 

conflicting cues at dusk had affected the magnetic compass course 

(R. Wiltschko et al. ). These data contradict the assumption of 

a regular calibration of the magnetic compass by polarized light; 

they also do not support a special role of the polarization pattern 

just above the horizon.

Release studies.—Sandberg et al. (), who had recorded 

the orientation of four species of birds in a cue-conflict situa-

tion at dusk, later released their birds and recorded the directions 

in which they took off. Red-eyed Vireos and Northern Water-

thrushes that had followed the altered magnetic north direction 

in the cage departed in directions that suggested recalibration of 

celestial cues by the shifted magnetic field. The two other species, 

Indigo Bunting and Gray Catbird (Dumetella carolinensis), which 

did not seem to respond to the shift in magnetic north in the cage, 

also responded to the shift as if they had recalibrated celestial cues 

when they were set free (Sandberg et al. ). Another study, in-

volving Gray-cheeked Thrush (Catharus minimus) and Swainson’s 

Thrush (C. ustulatus), also exposed birds at dusk to the natural sky 

in a magnetic field with north shifted, but unfortunately without 

recording their orientation during exposure (Cochran et al. ). 

These birds were then released and tracked with the help of trans-

mitters during the night. Their routes deviated from controls, a 

finding that was interpreted as reflecting recalibration of the mag-

netic compass by sunset cues. However, it is unclear to what ex-

tent these birds really used their magnetic compass; it also seems 

possible that they used celestial cues, overcompensating for a false 

previous recalibration (for a detailed discussion, see R. Wiltschko 

et al. ).

Interrelations between stars and magnetic compass

Experiments analyzing interactions between directional informa-

tion from the stars and the magnetic field in night-migrating birds 

were performed in a similar way as those on the interactions be-

tween polarized light and the magnetic field: migrants were ex-

posed to a planetarium sky with the northern stars projected to 

the south in the geomagnetic field or to the natural starry sky in an 

altered magnetic field. The classic planetarium experiments with 

Indigo Buntings (Emlen a, b) had demonstrated the use of the 

stars and, because the magnetic field had not been compensated, 

indicated the stars to be the dominant cues. Later planetarium ex-

periments (Beason ) revealed individual differences between 

the birds’ responses to a cue-conflict situation in the planetar-

ium: % of the Bobolinks did not respond with a directional 

change when the northern stars were projected to the south; the 

others followed the stars at first, but within two to six days they 

reversed their headings back to magnetic north. Outdoor tests 

with European warblers in the genus Sylvia and European Robins 

showed that the warblers responded immediately to the shift in 

magnetic north by changing their headings accordingly, whereas 

the European Robins responded only with delay, after they had 

experienced the cue-conflict for at least two nights (W. Wiltschko 

and Wiltschko a, b; Bingman ).

In subsequent experiments in partly compensated magnetic 

fields, Garden Warblers and European Robins continued into the 

altered directions by stars alone, which indicates that they had 

recalibrated the celestial cues by the experimental magnetic field 

(W. Wiltschko and Wiltschko a, b; Bingman ). European 

Robins could locate their migratory direction with the help of a 

simple artificial sky consisting of only  dots of light, provided 

that they had first experienced this sky together with a magnetic 

field of suitable intensity (W. Wiltschko and Wiltschko ). 

Thus, the star compass and magnetic compass are also linked by 

calibration processes.

An integrated system indicating direction

The magnetic compass is the only one based on direct sensory per-

ception: the receptors in the eye indicate the axis of the field lines 

directly. Celestial cues are perceived by the visual system, but the 

birds additionally require experience-based knowledge to derive 

directions. The manifold interactions described above show that 

the magnetic compass, sun compass, and star compass should not 

be considered independent mechanisms, but integrated compo-

nents of one complex system providing directional information. 

The ontogenetic relationship between sun compass and magnetic 

compass and results of the cue-conflict experiments reveal a great 

flexibility of the celestial mechanisms and, at the same time, the 

birds’ efforts to keep in agreement the various mechanisms indi-

cating directions: pigeons that were transferred to a permanently 

shifted day recalibrated their sun compass, and migratory birds 

recalibrated their star compass and adjusted the directional sig-

nificance of the sunset cues.

We must be aware of the possibility that not all bird species 

rate and rank the various cues in the same way. In particular, we 

can expect differences between migrants, because migration has 

developed many times independently in the various lineages of 

birds (Helbig ). Additionally, the mechanisms may have been 

adapted to specific conditions encountered on migration routes. 

Hence, species-specific differences among migrants would not be 

surprising. At the same time, the ranking of directional cues may 

vary with the phase of migration and with geographic latitude (for 

a detailed discussion, see R. Wiltschko et al. ). Yet all birds 

aim to bring the various compass mechanisms into harmony so 

that all directional cues agree and provide the same information.

SETTING THE COURSE TO THE GOAL

To use a compass mechanism, the birds must first be aware of the 

compass course to the goal. How birds obtain this information de-

pends on the spatial task they have to solve; there are fundamental 

differences between the mechanisms that provide the course for 

flights within the home range and in homing and those that set the 

course for the first migration.

Within their more-or-less extended home ranges, birds 

can be assumed to know the courses to important resources by 
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experience. A bird may remember, for example, that a suitable wa-

ter hole is to the south of its nest, and Bank Swallows may know 

from exploring that a lake with good conditions for hunting in-

sects is to the east (Fig. ). Here, aside from compass mecha-

nisms, familiar landmarks are involved (see below). Homing, on 

the other hand, involves returning to a home area from greater 

distances—the birds are away from their goal, and often in un-

familiar territory. This means, however, that they have left home 

before, either voluntarily on their own wings or because they were 

experimentally displaced. Hence, homing is always the return to a 

familiar place, and there are gradual transitions between naviga-

tion within the home range and homing.

By contrast, migration means a flight toward an unknown 

goal, at least for first-time migrants. The young migrants have 

to reach a distant area thousands of kilometers away, where they 

have never been before. Banding recoveries and visual observa-

tion show that the population-specific winter quarters are more-

or-less extended (but not unlimited) areas, which the young birds 

have to find at the end of their first migration. Their second and 

all later migrations are different, insofar as the goal is now famil-

iar. We will begin with discussing the mechanisms that determine 

the home course, because homing is a task every bird has to face, 

whereas setting the course for migration concerns only the migra-

tory species.

Determining the Home Course

When exploring a foreign city starting from a hotel, there are two 

options for finding the way back: either one pays close attention 

to the route and reverses it to return, or one asks the porter for a 

map of the city, later identifies one’s position on that map, and uses 

the map to return. This example demonstrates the two principal 

possibilities that birds have for obtaining information for hom-

ing (Schmidt-Koenig ): () route reversal—relying on informa-

tion collected during the outward journey, and () bicoordinate 

navigation—relying on local information obtained at the starting 

point of the homeward flight, in experiments, at the release site. 

These are fundamentally different strategies, but both can indi-

cate the home direction as a compass course. In the following, we 

will discuss both strategies, together with some others that have 

been suggested but that do not conform to the compass model.

Route reversal

The idea that birds may gather the information for their hom-

ing flight during the outward journey was first forwarded in the 

th century, when Darwin () and Exner (), for example, 

suggested “inertial navigation” as a possible mechanism. This hy-

pothesis was again suggested by Barlow (), who assumed that 

displaced birds were able to precisely record all twists, turns, and 

accelerations during the transport, integrate them, and directly 

derive their home direction from this information. The home di-

rection, consequently, would be represented with respect to the 

bird’s own body, which means that the bird would have to con-

tinuously keep track of its own movements and integrate the new 

ones with the previous ones. This mechanism would require an 

unrealistic accuracy in recording movements and accelerations, 

given that all errors would add up, thus rendering the navigational 

answer rather inaccurate. Attempts to prevent pigeons from re-

cording the accelerations during the outward journey had no ef-

fect (e.g., Wallraff ). Also, because inertial navigation would 

not give the home direction as a compass course, this hypothesis 

is at variance with, for example, the results of the clock-shift ex-

periments that clearly demonstrated the general use of a compass 

mechanism.

FIG. 12. Illustration of the compass model, showing different types of courses that birds can locate using a compass. Bank Swallows leave their colo-
nies to go foraging, flying remembered courses. When returning to their colony, they fly courses determined by navigational processes. In autumn, 
they fly an innate course toward their tropical winter quarters (modified from R. Wiltschko and Wiltschko 1995).
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Another way of using route-based information would be to 

integrate the route along a reference system, a strategy that can be 

characterized as “route reversal with the help of an external refer-

ence.” This would provide the home direction as a compass course, 

and it would be far more precise, because errors would tend to 

even out. On spontaneous flights, birds would sum up and inte-

grate the net direction of their route, reversing this direction to 

obtain the home direction. The question is whether birds can do 

this also when passively displaced. This seems to be the case, as 

indicated by experiments with Graylag Geese (Anser anser), Bar-

headed Geese (A. indicus), and Barnacle Geese (Branta leucopsis)

in which young goslings that had been imprinted on humans were 

brought to a place on a curvaceous route with extended detours. 

They started out heading directly home, regardless of whether 

they had walked the route following their human “mother” or had 

been transported in a cart (von Saint Paul ). The observation 

that they disregarded sections of the route where the cart had 

been covered, starting in a wrong direction, shows that they were 

indeed using information obtained during the outward journey.

On their spontaneous flights, birds have the sun compass and 

the magnetic compass available; during experimental displace-

ment, the conditions usually allow only the use of the magnetic 

compass. To test the hypothesis that the magnetic compass pro-

vides the directional reference for route reversal, young pigeons 

were transported to the release site in a distorted magnetic field, 

which prevented them from obtaining meaningful directional in-

formation during the outward journey. When released, they de-

parted randomly, whereas the normally transported control birds 

were homeward oriented (Fig. ). Another control group was 

transported to the release site under normal conditions but after 

arrival was exposed to the distorted magnetic field for a time span 

equivalent to that required to reach the site. This group also de-

parted homeward oriented, which shows that being transported 

in the distorted magnetic field, and not staying in the distorted 

field per se, had caused the disorientation (R. Wiltschko and 

Wiltschko ). Transporting young birds in a normal magnetic 

field, but under conditions that interfere with magnetorecep-

tion, like total darkness or long-wavelength light (see above), had 

the same disorienting effect (W. Wiltschko and Wiltschko ,

R. Wiltschko and Wiltschko ). These findings clearly show 

that pigeons need a working magnetic compass to determine their 

home course by route reversal. They support the hypothesis that 

birds indeed record the net direction of the outward journey, inte-

grating detours if necessary, with the magnetic field providing the 

external reference.

However, route reversal can be demonstrated in this way only 

in very young, inexperienced pigeons. When pigeons grow older 

and more experienced, for example when they are  weeks old 

or have participated in training flights (or both), depriving them 

of magnetic directional information during the outward journey 

loses its effect and no longer leads to disorientation (R. Wiltschko 

and Wiltschko , Jorge et al. ). This suggests a change 

in navigational strategy. Apparently, pigeons rely exclusively on 

route-based information only during a short, transient phase in 

their early life.

The “map” system

The alternative strategy is to derive the home course from local 

information obtained at the starting point of the homing flight. 

Birds are famous for returning home after displacement to distant 

sites; what kind of information can they use at locations they have 

never visited before? Any model explaining their navigational 

abilities should also provide an explanation for the following com-

mon observations on the behavior of pigeons after release: () The 

navigational process does not require a long time or extensive fly-

ing around; frequently, bearings taken after  min already show a 

strong convergence in the direction in which the birds finally de-

part. () The vanishing bearings are mostly oriented in directions 

that are close to the true home direction, but seldom coincide with 

it. This led to the concept of the navigational “map” or “grid map.”

The concept of the grid map.—Kramer (, ) had re-

ferred to the “map” without specifying any particular mechanism. 

Wallraff () detailed the concept for bicoordinate navigation, 

suggesting a “grid map” of gradients, that is, factors whose values 

change continuously in space. The basic assumption is that there 

are (at least) two gradients that intersect at an angle that is not 

very acute. The birds know the scalar values of the gradients at 

their home site, and they are familiar with the directions of these 

FIG. 13. Young, inexperienced pigeons determine their home course by route reversal with the magnetic field as reference. The home direction is 
indicated by a dashed radius. Symbols at the periphery of the circle mark the vanishing bearings of individual birds, and arrows represent the mean 
vectors of the four releases (data from R. Wiltschko and Wiltschko 1978, 1985).
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gradients. The directionally oriented mental representation of 

the distribution of these gradients forms the grid map. At distant 

sites, birds compare the local scalar gradient values with those re-

membered from home and interpret the differences with the help 

of their map to derive their home direction as a compass course. 

In the example given in Figure , the birds know that gradient A 

increases toward the north, whereas gradient B increases toward 

the east. A bird at point P

 realizes that the values of both gradi-

ents are lower than the home values and that the difference in A is 

relatively larger than the one in B; hence, it has to fly a little north 

of northeast to reach home.

The model also explains the ability of birds to navigate at un-

familiar sites, because gradients can be extrapolated beyond the 

range of direct experience. Being familiar with the direction in 

which the gradients increase and decrease from direct experience 

within its home range, a bird can assume that the gradients will 

maintain this course at greater distances beyond this range. In the 

example in Figure , if a bird, knowing that gradient A increases 

toward the north, encounters values of A that are greater than any 

it has experienced before, it can conclude that it is farther north 

than ever before and, hence, has to fly south to return.

Another important aspect of the model is the assumption 

that birds compare scalar values. The local scalar value of a gradi-

ent can be detected at the site, whereas it would be impossible to 

detect, for example, the local gradient direction without scanning 

a more-or-less extended area. This explains why the navigational 

process is fairly fast, not requiring extensive flying around. Exper-

iments with pigeons released from cages have shown that they al-

ready have some idea about their departure direction before they 

take off into the air (e.g., Chelazzi and Pardi , Mazzotto et al. 

). Pigeons fly around at the release site, but most of this ma-

neuvering is in the direction in which they will later depart.

Release-site bias.—At many sites, pigeons depart in direc-

tions that are significantly different from the true home direction. 

The observed deviations vary widely; they are mostly in the range 

of about –  but at some sites may reach sizes of  . At any 

specific site, they show a certain variance, but in general they are 

remarkably constant over time: at some places, pigeons always de-

viate to the right of the home direction, at others to the left (for 

examples, see R. Wiltschko ). When their internal clock is 

shifted, the birds show the typical deflection, not from the home 

direction, but from the direction of untreated control birds that 

depart in the local bias direction (e.g., Schmidt-Koenig ).

The early researchers named this phenomenon 

Ortsmiβweisung or Ortseffekt (Schmidt-Koenig , Wallraff 

), which translates as “local misdirection,” emphasizing the 

local character of its manifestation. Keeton () was the first to 

systematically analyze this phenomenon, at a site where his pi-

geons showed a marked bias of   (Fig. , left), and he called 

it “release-site bias.” He observed it in experienced and inexpe-

rienced pigeons alike, and in both those that were familiar with 

the site and those that were not. It also was independent of cloud 

cover—that is, whether the birds were using their sun compass 

or magnetic compass. By shifting their internal clock, he could 

make the pigeons depart in their home direction, but their hom-

ing was delayed, as is normal for clock-shifted birds. The latter 

two findings indicate that the phenomenon of release-site bias is 

FIG. 14. Model illustrating how geophysical gradients are used for navi-
gation. The intensity of two gradients is given in relation to the home val-
ues. Around P1, the gradients are regular, and the birds determine their 
home course correctly. At P2, P3, and P4, one of the gradients has an ir-
regular distribution, leading to deviations from the true home course, so-
called “release-site bias.”

FIG. 15. Homing pigeons and Bank Swallows use the same factors for 
navigation. At a site 140 km to the north, homing pigeons and Bank 
Swallows from a colony in the vicinity of the loft showed the same west-
erly release-site bias, which suggests navigation by the same factors. The 
home direction is indicated by a dashed radius (data from Keeton 1973).
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independent of the compass mechanisms used; rather, it seems 

to be associated with the map step of navigation. Hence, Keeton 

() hypothesized that release-site biases are attributable to lo-

cal irregularities in the distribution of the map factors: “the birds 

are probably reading the map cues correctly, but the map itself is 

twisted” (Keeton :).

The concept of the grid map also includes an explanation 

for this phenomenon. The distribution of natural factors is never 

completely regular; irregularities in the course of gradients are to 

be expected. The points P

, P


, and P


 in Figure  (lower part) 

show how such irregularities can cause birds to misjudge their po-

sition, leading to a course that deviates from the true home course. 

At those sites, the respective course is subjectively correct for the 

birds. According to this interpretation of release-site bias, the oc-

currence of these deviations from the true home direction indi-

cates the use of the navigational map. Release-site bias mainly 

affects the initial orientation; as soon as birds leave the area of ir-

regularities in the map factors, they can correct their error. Re-

lease-site bias may lead to some detours, but it does not reduce 

homing success.

Keeton () made another important discovery. When he 

released Bank Swallows from a colony near his loft at the site where 

his pigeons had shown the marked bias to the right, he found that 

these birds, too, showed a similar bias (Fig. , right). This indi-

cates that release-site bias is not restricted to pigeon homing but 

is a general phenomenon in avian navigation. Both pigeons and 

Bank Swallows seem to make use of the same type of navigational 

factors and respond to them in the same way, and this probably ap-

plies to other species as well.

Possible navigational factors.—This leads to the question of 

the nature of the gradients involved. The observation that the effect 

of shifting the birds’ internal clock depends only on the amount of 

time shift, but not on the distance and direction of the release site, 

clearly shows that the factors used to determine the home course do 

not vary with the time of day. This excludes celestial cues as possible 

navigation cues and points to geophysical factors.

The nature of the factors used by pigeons and other birds as 

components of their grid map is still unclear; it is one of the great 

remaining enigmas in avian navigation. Several factors have been 

considered over the years. The first, discussed as early as the th 

century, is the intensity or inclination (or both) of the geomagnetic 

field (Viguier ; also see Phillips ). Experimental evidence 

supports an involvement of magnetic navigational factors (e.g., Wal-

cott , Kiepenheuer ), but they are certainly not the only fac-

tors used. Several authors suggested the use of olfactory information 

in navigation, claiming that the birds could derive their home course 

from characteristic odors of the landscape (for a review, see, e.g., Papi 

, ). It is true that in some regions, depriving pigeons of olfac-

tory input and olfactory manipulation had large effects on their be-

havior, but these effects have been controversially interpreted. The 

role of odor as a navigational factor is not supported by meteorologi-

cal studies, which argue against the existence of suitable odor gradi-

ents (e.g., Becker and van Raden , Waldvogel ). Unspecific 

or activational effects cannot be excluded, a recent study (Jorge et al. 

) having supported an activational effect.

Other factors considered potential navigation cues are grav-

ity, although studies at gravity anomalies did not produce conclu-

sive evidence (Lednor and Walcott ), and infrasound—that is, 

low-frequency sound produced by wave action, wind over moun-

tains, and so on, which pigeons are able to hear (see Hagstrum 

). To detect the direction of infrasound, however, birds would 

have to rely on Doppler effects, which would require flying; hence, 

this factor could not be used before birds are in the air. The chang-

ing view of distant mountains or other landscape features has also 

been discussed as a navigational factor (e.g., Baker ).

Factors like the geomagnetic field and the gravity field form 

worldwide gradients. Infrasound, odors, and landscape features 

may form extensive regional gradients. Other gradients of re-

gional or local range that are potentially suitable for navigation 

may also be used by birds and be included in their map. Rather 

than relying on one factor alone, they seem to have a variety of fac-

tors available and probably include all factors that provide suitable 

information in their map. This means that the navigational factors 

used need not be identical in all parts of the world. There may be 

regional differences in the availiability and suitability of potential 

navigational cues, and birds may opportunistically develop their 

map according to the situation in their home region. The multifac-

torial nature of the map makes analyzing its components—and, in 

particular, isolating the contribution of any single factor—most 

difficult, and the results obtained in one region are not necessarily 

transferable to another (W. Wiltschko et al. c).

We will not go into details on the nature of map factors here, 

because this would necessarily be highly speculative. Interested 

readers are referred to the studies on the various potential cues 

mentioned above.

The mosaic map.—Close to home, the differences in the sca-

lar values of the navigational factors from the home values pre-

sumably become so small that the birds can no longer detect them, 

and they must turn to another navigational mechanism. Clock-

shift experiments revealed that the map-and-compass model of 

navigation also applies in the vicinity of the loft: the typical devia-

tion induced by shifting the internal clock was observed between 

 and . km from the loft (e.g., Graue , Keeton ), which 

indicates that pigeons determine their home course as a compass 

course also in the area where familiarity with the terrain and land-

marks can be inferred.

These findings led to the concept of the “mosaic map” of land-

marks, which proposes that birds remember the position of prom-

inent landmarks in their home area with respect to each other and 

to their home. For example, birds are assumed to store in their 

memory information like “a big oak tree is  km to the north.” This 

type of information results in a “map” that consists not of a few 

continuous factors like gradients, but of numerous separate enti-

ties such as landmarks, forming a mosaic-like, directionally ori-

ented representation of the lay of the land around home (Graue 

, Wallraff ). It means that the birds using this mosaic map 

for navigation will also obtain their home direction as a compass 

course. Only the view of the loft itself could occasionally override 

the use of the sun compass (Graue , Keeton ).

Navigation by the mosaic map largely escapes experimen-

tal analysis. It is indirectly indicated by the already mentioned 

observation that shifting the internal clock has an effect also in 

the vicinity of the loft and by experiments with pigeons deprived 

of object vision. When released away from home, birds wearing 

frosted lenses departed with oriented bearings, and many of them 

returned to the vicinity of their loft, but few reached the loft itself 
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(Schmidt-Koenig and Schlichte , Benvenuti and Fiaschi ). 

Birds tracked in Upstate New York approached the loft up to about 

 or  km (Schmidt-Koenig and Walcott ); in Germany and It-

aly, some pigeons even managed to reach their loft, but their num-

bers were much lower than those of the control birds with intact 

vision (Schlichte , Benvenuti and Fiaschi ). These findings 

suggest that visual landmarks have a role during the last phase of 

homing, for pinpointing the loft itself.

The size of the mosaic map is difficult to estimate; observa-

tions suggest a radius between  and  km (Michener and Wal-

cott , Braithwaite ). However, it must be expected that its 

size is highly variable, depending on the lay of the land, the occur-

rence of suitable landmarks, and the steepness of the local gradi-

ents. The mosaic map and the grid map supplement each other, 

and they must be expected to partly overlap so that pigeons always 

have map information available.

Use of landmarks alone?—An alternative hypothesis pro-

poses that pigeons in familiar areas follow sequences of familiar 

landmarks alone, without a compass, a strategy that is at variance 

with the compass model. This idea was first proposed by Griffin 

(e.g., ) as “type I orientation,” before the sun compass had 

been discovered, and later became known as “piloting.” But after 

the experiments with frosted lenses described above, which dem-

onstrated homing without use of landmarks (e.g., Schlichte , 

Benvenuti and Fiaschi ), it was no longer a focus of attention. 

With the development of flight recorders based on global posi-

tioning systems (GPS), it became possible to record the tracks of 

returning pigeons with great accuracy. The routes of birds repeat-

edly released from the same sites, mostly up to  km from a loft 

in England, were found to become stereotypic after about – 

flights, and this stereotypy was attributed to navigation by follow-

ing sequences of familiar landmarks that led the way home (e.g., 

Biro et al. , Meade at al. ). Yet at other lofts, such route 

stereotypies were not observed (R. Wiltschko et al. a).

Shifting birds’ internal clock is a simple way to test for the 

use of a compass. The typical deflection in clock-shifted birds is 

observed at familiar and unfamiliar sites alike (R. Wiltschko et 

al. ). Even pigeons that had homed  times from the same 

location  km from their loft were deflected when their internal 

clock was shifted, choosing departure directions different from 

their usual ones (Füller et al. ). These birds must have been 

extremely familiar with the release site, yet in the critical test, they 

seemed to disregard familiar landmarks, with their departure bear-

ings clearly documenting that they still determined their home di-

rection as a compass course. In corresponding experiments closer 

to home, where the birds can be assumed to rely on landmarks, 

pigeons that flew stereotypic routes responded to shifting their in-

ternal clock with some deviations in the expected direction (Biro 

et al. ). Although these deviations were mostly not very pro-

nounced, they indicated that the sun compass is still involved along 

very familiar routes near home. Familiarity with the route, how-

ever, seems to help birds realize their error very quickly and initiate 

corrections. In view of these findings, navigation by familiar land-

marks alone, without a compass, seems doubtful.

A change in strategy during development of the navigational system

As already pointed out, during a short, transient phase in early 

life, route reversal is the only navigational strategy of young, 

inexperienced pigeons. Depriving older pigeons of outward-

journey information no longer has a disorienting effect, which 

indicates that they can base their navigational processes on map 

information alone. The reason for this change in navigational 

strategy becomes clear when the preconditions, the advantages 

and disadvantages of the use of route-based versus site-based in-

formation, are considered.

Route reversal requires a functioning magnetic compass and 

mechanisms to record and integrate accelerations. Birds’ magnetic 

compass is innate in the sense that it is based on a direct sensory 

input, and integrating the route is probably likewise based on a 

spontaneous ability. Hence, inexperienced young birds can be ex-

pected to possess the necessary abilities for recording the net di-

rections of the outward journey. Any specific knowledge about the 

local conditions is not needed. Use of the map system, by contrast, 

requires detailed knowledge of the regional distribution of the gra-

dients, in particular of the directions in which they increase and 

decrease, and of the positions of suitable prominent landmarks 

within the home area. Such knowledge cannot be innate; it has to 

be acquired by experience. Young birds must perform extended 

learning processes to obtain the necessary knowledge for estab-

lishing their map system. This means, however, that when young, 

inexperienced birds begin to fly, their maps are not yet developed. 

Consequently, they must rely on mechanisms that do not require 

any specific preknowledge and, hence, use route reversal as their 

first navigational strategy.

Later, when they have obtained the necessary knowledge 

and have established their map system to a working stage, they 

are no longer restricted to route reversal. They begin to rely on 

site-specific information, which they interpret with the help of 

their maps. In general, the use of this map information is advan-

tageous, because any mechanism based on information obtained 

during the outward journey alone is susceptible to errors. Highly 

accurate recording and processing of this information is neces-

sary, because errors cannot be corrected with route-based infor-

mation alone and will lead to later mistakes in determining the 

home course. This may not have serious consequences as long as 

birds fly only short distances from home; as soon as they begin to 

venture farther away, however, it may become critical. Using site-

specific information allows birds to determine their home course 

anew as often as they feel necessary, which enables them to cor-

rect any errors. Irregularities in the distribution of the map fac-

tors may cause certain detours, but they do not reduce the chances 

of reaching home. This increased safety should strongly stimulate 

birds to rely on map information.

It is unclear whether and to what extent information collected 

during the outward journey continues to play a role. Experienced 

adult pigeons are hardly affected when deprived of outward-

journey information (R. Wiltschko and Wiltschko ), but this 

does not necessarily mean that they do not use it when avail-

able. Where great irregularities in the distribution of gradients 

lead to large biases, including route-specific information could 

help birds minimize these biases and avoid extended detours (see

R. Wiltschko and Wiltschko ).

Details of the learning processes necessary to establish the 

map are not known, because they escape experimental analysis. 

It is to be assumed that they normally take place during spon-

taneous flights, starting in the third month of a pigeon’s life at 
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approximately the same time when the sun compass is estab-

lished. When pigeons are about three months old, depriving 

them of outward-journey information ceases to have an effect (R. 

Wiltschko and Wiltschko ); at the same time, they begin to 

show release-site biases (see W. Wiltschko and Wiltschko ). 

Both these observations indicate map use. Young pigeons are ea-

ger to fly, and they often stay out of sight of their loft for a consid-

erable time. With the help of their magnetic compass and, later, 

their sun compass, they can record the direction in which they are 

leaving their loft and look for prominent landmarks in this direc-

tion and, on more extended flights, record how the geophysical 

gradients change. This information is then stored in their map sys-

tem, forming the basis for their later interpretation of the map fac-

tors. Figure  shows the effect of one spontaneous flight lasting 

h on the way pigeons interpreted the local factors at a site  km 

away. The maps continue to be supplemented and updated later in 

life (Grüter and Wiltschko ), but experiences during the first 

months must be expected to form the framework.

The Direction of Migration

During migration birds leave their home area and temporarily move 

to another one often hundreds or thousands of kilometers away. In 

higher and temperate latitudes, migration allows birds to escape 

the seasonal changes in climate; in the tropics, migration may be 

a response to dry and wet seasons that allows birds to seek out op-

timal foraging conditions. The navigational problems are similar 

in both cases: young migrants must reach a distant population-

specific area and, in species in which individuals migrate alone, 

find this goal on their own.

The innate migration program

A large-scale displacement program involving , European 

Starlings of Baltic origin transported from The Netherlands to Swit-

zerland during autumn migration indicated that young first-time 

migrants do not have knowledge of their goal but have knowledge of 

the population-specific migratory direction leading them there: dis-

placed perpendicular to their normal migration route, they contin-

ued in the same direction on a new route parallel to the traditional 

one (Perdeck ). A recent study with White-crowned Sparrows 

(Zonotrichia leucophyrys gambelii) displaced across North America 

and radiotracked after release confirmed these findings (Thorup et 

al. ). Further analyses revealed a migration program that pro-

vides the young birds with information that under normal circum-

stances enables them to reach their winter quarters (e.g., Gwinner 

, Berthold ). This program encodes the wintering area with 

respect to the breeding ground in “polar coordinates,” namely as 

distance and direction of migration. Being innate, genetically trans-

mitted from one generation to the next, it reflects the past experi-

ence of generations of migrating ancestors and must be expected to 

be optimally adapted by evolution to the population’s needs.

Young birds of species that migrate in family groups also have 

genetically transmitted knowledge of their population-specific 

migratory direction available, as an experiment by Schüz (, 

) indicated. Eggs of White Storks (Ciconia ciconia) from East 

Prussia with a southeasterly migratory direction were displaced to 

Essen, West Germany, to be raised in the local population, which 

migrated southwest. At the beginning of migration, the young 

White Storks were color coded, and half of them were held back in 

captivity. Those that remained free joined their foster parents on 

the southwesterly route (Schüz ). The others were set free af-

ter all the local White Storks had left the area; they were observed 

heading southeast (Schüz ). These observations clearly show 

that even young birds that migrate in groups led by adults possess 

innate information of their migratory direction, but that this in-

nate information can be overridden by the social tendency to join 

groups of conspecifics.

Two reference systems.—The innate migratory direction must 

be encoded with respect to an external reference to be converted 

into an actual compass course. This occurs mainly during the pre-

migratory period, so that the migratory direction is available when 

migration starts. So far, two systems have been shown to serve as 

references: celestial rotation and the geomagnetic field.

Emlen () was the first to recognize the importance of 

celestial rotation for establishing the migratory direction: young 

Indigo Buntings, hand-raised under a rotating planetarium sky, 

were later tested under the same, now stationary planetarium sky. 

They oriented away from the former center of rotation, regard-

less of which star pattern had been the former center (Fig. ). The 

same was later found to be true of hand-raised Garden Warblers 

exposed to an artificial sky of only  dots of light: young birds 

that had observed this simple sky rotating during the premigra-

tory period later oriented away from the former center of rotation, 

whereas birds that knew the same sky only as stationary were dis-

oriented when tested in a compensated magnetic field (Fig. ; W. 

Wiltschko et al. a). The sunset cues alone, however, do not 

seem to indicate the migratory direction to young migrants (Bing-

man ), which is not surprising, given that the cues associated 

with sunset undergo the same seasonal and latitudinal changes as 

the sun itself.

The geomagnetic field is the other factor that can act as a ref-

erence for the genetic information on migratory direction. Hand-

raised birds from several species of passerines that had been 

totally deprived of celestial information and were tested with the 

FIG. 16. Effect of one spontaneous flight on the orientation of young hom-
ing pigeons at a site 65 km from the loft. The home direction is marked 
by a dashed radius. Triangles indicate vanishing bearings of birds that 
stayed out of sight of the loft for 1 h on the day before the release, and 
diamonds indicate bearings of birds that remained at the loft. The two ar-
rows represent the respective mean vectors.
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magnetic field as the only cue preferred their natural migratory 

direction, which indicates that the migratory direction is encoded 

as a magnetic-compass course (e.g., Gwinner and Wiltschko , 

Bingman , Beck and Wiltschko , Able and Able b, 

Shumakov , Bletz et al. ; Fig. , and see Fig. , left).

The innate directional information is not necessarily re-

stricted to one course alone. Some species reach their wintering 

area not on a straight route but change their course during mi-

gration. For example, Garden Warblers and Pied Flycatchers from 

Central Europe fly first to the Iberian Peninsula on a southwest-

erly course, then continue on more southerly to southeasterly 

courses to reach their wintering areas south of the Sahara Desert, 

in this way avoiding a large sea crossing and the very harsh condi-

tions in the central Sahara. A similar non-straight route is known 

from Yellow-faced Honeyeaters in Australia that follow the Great 

Dividing Range to stay in ecologically favorable habitats. In those 

species, the various legs of the route have been found to be coded 

as sequences of directions in relation to the geomagnetic field (e.g., 

Gwinner and Wiltschko , Beck and Wiltschko , Munro et 

al. ). Whether the later migratory directions are also encoded 

with respect to celestial rotation is unclear.

It must be mentioned that in Garden Warblers the change in 

direction seems to be controlled by the endogenous time program 

of migration alone (Gwinner and Wiltschko ), whereas in Pied 

Flycatchers it appears to require some external stimulus, because 

in the latter the second leg of migration was oriented only if the 

birds were exposed to the magnetic conditions found in the region 

where the change in direction occurs (Beck and Wiltschko ).

Interactions between the celestial rotation and the magnetic 

field.—The observation that two factors can act as reference for 

the migratory direction raises the question of a hierarchy be-

tween them and possible interactions. Experiments that set the 

two cues in conflict during the premigratory period revealed the 

dominance of celestial rotation. Young Savannah Sparrows were 

hand-raised under the natural night sky, the natural daytime sky, 

and an artificial sky that made one revolution per day; at the same 

time, they were exposed to a magnetic field with north turned  .

These birds changed their magnetic compass course and headed in 

the magnetic direction that had been opposite to the center of ce-

lestial rotation (Able and Able a, b, ). The same effect was 

observed in Pied Flycatchers (Bingman , Prinz and Wiltschko 

). This means that the birds chose information from celestial 

rotation over that from the magnetic field and adjusted their mag-

netic course accordingly.

At higher latitudes, where magnetic inclination becomes 

rather steep, birds seem to require additional information from 

celestial rotation to later achieve unimodal orientation with their 

magnetic compass alone. This is the case for the northern popu-

lations of Blackcaps (Shumakov and Zelenova ) and Pied Fly-

catchers (Weindler et al. ), whereas the southern population of 

FIG. 17. The geomagnetic field and celestial rotation serve as reference systems for the innate migratory direction in Garden Warblers. Left: headings 
of birds that had been hand-raised without a view of celestial cues, tested during autumn migration in the local geomagnetic field. Center: birds that 
had been hand-raised under an artificial sky that made one revolution per day, tested during autumn migration under the same, now stationary, sky. 
Right: birds hand-raised under a stationary artificial sky and later tested under the same stationary sky. Inner circles are the 5% (dotted) and the 1% 
significance border of the Rayleigh test (data from W. Wiltschko and Gwinner 1974; W. Wiltschko et al. 1987b).

Fig. 18. Garden Warblers combine celestial rotation and information 
from the geomagnetic field to obtain their population-specific migratory 
direction. Mean headings of birds tested under a stationary artificial sky 
in a compensated magnetic field are shown. Left: birds that had expe-
rienced the artificial sky rotating together with the local geomagnetic 
field showed the population-specific southwesterly course with respect 
to the former center of rotation. Right: birds that had experienced the 
same rotating sky in a compensated magnetic field oriented away from 
the former center of rotation. Inner circles are the 5% (dotted) and the 1% 
significance border of the Rayleigh test (data from Weindler et al. 1996).
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these species can realize their population-specific compass course 

by magnetic information alone (Beck and Wiltschko , Bletz et 

al. ). Here, celestial rotation and the geomagnetic field work to-

gether to convert the innate information into an actual course.

Studies with Garden Warblers using a simple artificial sky 

making one rotation per day revealed another interesting inter-

action of celestial rotation and the magnetic field. During the first 

part of migration, Central European Garden Warblers head 

southwest, and young birds that had been exposed to the rotating 

sky in the local geomagnetic field during the premigratory period 

later preferred their population-specific southwesterly course un-

der the now stationary stars alone. Birds that had been exposed 

to the rotating sky in a compensated magnetic field, however, 

headed south—they headed away from the former center of rota-

tion, but without showing the typical deviation to the west that 

characterized their population-specific migratory direction (Fig. 

; Weindler et al. ). This suggests that the information on 

their migratory course consists of two components, namely a ref-

erence direction away from the center of rotation, corresponding 

to geographic south, which is controlled by celestial rotation, and 

the deviation from this reference, which seems to be encoded only 

with respect to the magnetic field. To combine these two compo-

nents for their natural migration course, the birds must observe 

rotating stars together with the geomagnetic field—then they can 

locate this direction later also with the help of stars. Thus, celestial 

cues alone do not seem sufficient for establishing the population-

specific southwesterly migration course of Garden Warblers; ad-

ditional information from the magnetic field is needed.

The direction of celestial rotation also proved important: birds 

that had observed an artificial sky rotating in the reverse direction 

in the geomagnetic field later headed southward, apparently unable 

to combine the magnetically encoded information with the refer-

ence given by celestial rotation (Weindler et al. ).

Why use two reference systems?—The conversion of the ge-

netically coded information into an actual migratory direction as 

described above involves complex interactions between celestial ro-

tation and the magnetic field. One wonders why this is so, because 

one reference system would appear to be sufficient. It is true that 

Garden Warblers can find their migratory direction with the help 

of the magnetic field alone (e.g., Gwinner and Wiltschko ; see 

Fig. ), but under natural conditions, young birds would be able 

to regularly observe the rotating sky. Celestial rotation always indi-

cates geographic north, whereas magnetic north changes with time 

because of secular variation (see Skiles ). In particular, at higher 

magnetic latitudes close to the magnetic poles, there may be consid-

erable variability in magnetic declination in time and space. Includ-

ing celestial rotation in the innate information could ensure that 

the migration course becomes largely independent of the changing 

magnetic conditions.

We can only speculate why the deviation from south is en-

coded only with respect to the magnetic field. Maybe the mag-

netic field is more suitable to encode a deviation because it can 

be perceived directly, whereas a longer observation period is nec-

essary to recognize the center of celestial rotation. On the other 

hand, the migratory direction of most birds has a component that 

leads them closer to the Equator; this component, indicated by 

celestial rotation, is constant in time. Yet the population-specific 

routes may deviate considerably from this reference direction, in 

response to the ecological conditions en route. It must remain 

flexible and be modified when these conditions change, thus en-

suring that birds take optimal routes to reach their winter quar-

ters. This means that the respective component of the migratory 

direction is subject to constant modifications by selection. Adapt-

ing the migratory direction to these changes in the environment 

may be easier when only one reference system is involved.

We must keep in mind that our knowledge of the respective 

processes is still very limited. Only a few species have been ana-

lyzed with regard to the development of their migratory direction, 

and we cannot expect that the way in which the migratory direc-

tion is genetically encoded is identical in all migrating species. As 

we pointed out above, migration developed independently many 

times in the various lineages of birds (Helbig ), and so perhaps 

did the mechanisms that encode the course of migration. Thus, 

differences between species would not be surprising. Some species 

may have found particular solutions for the problem of choosing 

optimal routes, as Alerstam and Gudmundson () suggested in 

the case of migrating waders in the High Arctic.

Distance of migration.—The distance of migration is encoded 

by a time program within the circannual cycle, producing the re-

quired amount of migratory activity for a number of days so that 

the total amount of migratory activity is adapted to the length of 

the migration route. This was demonstrated by experiments with 

hand-raised birds of several species in the genera Phylloscopus and 

Sylvia and in Blackcaps from different populations (Gwinner , 

Berthold , Berthold and Querner ). The mean total amount 

of Zugunruhe (nightly activity in these nocturnal migrants) was 

closely related to the mean distance of migration. The finding that 

the amount of Zugunruhe in crossbreeds between populations with 

different distances of migration was intermediate between the par-

ent populations indicates that it is an inherited property (Berthold 

and Querner ). At the end of migration, when birds have reached 

their wintering region, the migration program becomes more flex-

ible, allowing birds to stop migration when they have reached a suit-

able habitat or go on until they have found one.

Migration to a familiar goal

The migration back to the breeding ground and all later migra-

tions differ from the first one in that they no longer involve finding 

an unknown region, but lead the birds back to an area where they 

have been before. This means that the birds are familiar with the 

local navigational factors of their goal area and also, because of 

their experience during the first migration, with the navigational 

factors of the route.

The large-scale displacements already mentioned (Perdeck 

, Thorup et al. ) clearly showed that displaced adult mi-

grants also head directly toward their traditional wintering areas 

from locations off the normal migration route. Adult European 

Starlings displaced from The Netherlands to Switzerland changed 

their course from west-southwest to northwest and headed toward 

northern France and southern England, where this Baltic popula-

tion normally wintered (Perdeck ), and the tracks of displaced 

adult White-crowned Sparrows in the study by Thorup et al. () 

were directed toward the winter quarters of that population. The 

young European Starlings that had wintered south of their normal 

wintering range headed toward their Baltic region of origin on their 

return migration (Perdeck ). This means that migrants on later 
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migrations can use mechanisms of true navigation. Experiments 

with hand-raised migrants showed that innate information on the 

direction of migration continues to be available (Helbig ); yet 

experience-based mechanisms seem to dominate in determining 

the course to the now familiar goal area.

What specific type of navigational factors migrants use is not 

known; we can assume, however, that they are similar to the ones 

pigeons and other birds use for homing. Considering the distances 

to be covered, a preference for large-scale, possibly worldwide gra-

dients is to be expected en route, whereas regional and local factors 

may also play a role when the birds have reached the region of their 

goal. It is also conceivable that during the extended flights between 

breeding and wintering areas, navigation normally plays only a mi-

nor role—birds may fly their innate course during most of their mi-

gratory journey, switching to navigation only when approaching the 

home area to pinpoint last year’s breeding or wintering site.

A SYSTEM COMBINING INNATE AND LEARNED COMPONENTS

As we have shown above, homing and migration follow a common 

scheme: the direction to the goal is first determined as a compass 

course, then located with a compass. Both steps include innate 

and experience-based components.

The environment is variable; mechanisms that are innate 

must be based on the factors that are reliably available in a stable, 

predictable form. The geomagnetic field is one of them, with its 

field lines running north–south in lower and temperate latitudes, 

becoming more variable only in the regions around the magnetic 

poles. The birds can sense the field lines directly, which endows 

them with an innate magnetic compass. This enables them to dis-

tinguish magnetic directions, probably in a manner similar to our 

ability to distinguish up from down using our sense of gravity, and 

forms a suitable backbone for their navigational system.

Among celestial cues, celestial rotation is the only factor that 

can give directional information by itself, but to obtain this infor-

mation, birds have to observe the rotating sky for a certain period. 

By contrast, the celestial cues normally used for direction find-

ing—sun, stars, and polarized light—vary with time of day, season, 

and geographic latitude. Thus, the birds must be capable of inter-

preting them adequately, which is ensured by learning processes; 

similar learning processes probably adjust them to seasonal 

changes when necessary. Being established through learning pro-

cesses guarantees that the mechanisms based on celestial cues are 

always perfectly tuned to the situation in the birds’ home region.

The same is true of the mechanisms that determine the com-

pass course in homing: young birds initially rely on route rever-

sal, a strategy based on innate abilities, and this strategy ensures 

homing while they acquire the knowledge needed for establishing 

their maps. This, in turn, enables them to switch to site-specific 

information. Figure  summarizes the mechanisms employed in 

FIG. 19. Model of the ontogenetic development of the avian navigational system combining innate and learned components. Open arrows indicate 
mechanisms based solely on innate components, and hatched arrows indicate mechanisms based on experience (modified from R. Wiltschko and 
Wiltschko 2003).
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homing and their ontogenetic relationship. Based entirely on ex-

perience, the grid map and mosaic map realistically represent the 

distribution of navigational factor in the birds’ home region—they 

are perfectly adjusted to the area where the birds live.

The same principle is found in the navigational processes of 

migration: an innate program enables the young birds to reach 

their still unknown winter quarters on their first migration flight, 

using the geomagnetic field and celestial rotation as directional 

references. At the same time, when they move toward their win-

tering area guided by this program, they have the opportunity to 

familiarize themselves with the distribution of the navigational 

factors en route and in their wintering area. Therefore, they can 

make use of this knowledge and head directly to their goal area by 

means of true navigation during later migrations.

This combination of innate and learned components makes 

the navigational system highly flexible. The innate components al-

low navigation before the experience-based ones are established 

and provide the opportunity to acquire the necessary experience. 

This enables birds to make use of a wide variety of factors the en-

vironment has to offer, at the same time ensuring that the learned 

mechanisms are perfectly adapted to the local situation. This 

makes avian navigation so powerful and effective.
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