
29The Journal of Experimental Biology 199, 29–38 (1996)
Printed in Great Britain © The Company of Biologists Limited 1996
JEB0135
MAGNETIC ORIENTATION IN BIRDS

WOLFGANG WILTSCHKO AND ROSWITHA WILTSCHKO
Fachbereich Biologie der Universität, Zoologie, Siesmayerstraße 70, D-60054 Frankfurt a.M., Germany
The magnetic field of the earth is an omnipresent,
reliable source of orientational information. A magnetic
compass has been demonstrated in 18 species of migrating
birds. In all species studied with regard to its functional
properties, it was found to be an ‘inclination compass’, i.e.
the birds derive directional information from the
inclination of the field lines, and thus distinguish between
‘poleward’ and ‘equatorward’ rather than ‘north’ and
‘south’. Such a mechanism means that birds from the
northern and southern hemisphere may rely on the same
migratory programme. Long-distance migrants, however,
face the problem that their magnetic compass gives
bimodal information at the magnetic equator. Transfers of

information between the magnetic field and celestial
sources of directional information have been
demonstrated; the two systems interact in a complex way.

The data on the use of magnetic parameters for position
finding are less clear. The experiments involve releases of
homing pigeons; correlations of their orientation with
natural variations in the magnetic field and the effects of
magnetic manipulation reveal an enormous variability.
The role of magnetic parameters in the multifactorial
navigational system is poorly understood.

Key words: geomagnetic field, compass orientation, ‘inclination
compass’, homing, navigational ‘map’.

Summary
The magnetic field of the earth
The geomagnetic field is a dipole field whose poles lie in the

vicinity of the geographic (rotational) poles. The field lines
leave the ground at the antarctic pole, then curve around the
earth and re-enter its surface at the arctic pole, i.e. the magnetic
vector points upwards in the southern and downwards in the
northern hemisphere, being parallel to the earth’s surface at the
magnetic equator (Fig. 1). The angle between the magnetic
vector and the horizon is called inclination or dip; lines of equal
inclination run roughly parallel to the lines of equal latitude.
Magnetic north and geographic north mostly differ by a certain
number of degrees. This deviation, declination or variation,
may be considerable near the magnetic poles, but it soon
becomes negligible at lower latitudes. In most parts of the
world, the field lines run roughly south–north. The total
intensity of the field decreases gradually – roughly
symmetrically in both hemispheres – from maximum values of
about 60 000 nT at the poles to about 30 000 nT near the
magnetic equator.

A number of spatial and temporal irregularities are
superimposed on the general pattern described above.
Extended deviations from the ideal values show continent-
wide patterns; different degrees of magnetization of rock units
cause local magnetic anomalies, which, however, rarely
exceed 1000 nT. Temporal variations of the geomagnetic field
occur on a daily, on a secular and on a geological time scale.
The latter two types of changes are so slow that they have to
be taken into account only in evolutionary considerations. The
regular daily variations, in contrast, mostly in the range
30–100 nT, and irregular fluctuations associated with
magnetic storms (characterized indicated by K-values, a
geomagnetic index, see Lincoln, 1967) are important for all
considerations of a navigational ‘map’ (see below). A detailed
description of the geomagnetic field and its variations in time
and space was given by Skiles (1985).

Because of its structure, described above, the geomagnetic
field represents a very reliable, omnipresent source of
information. The magnetic vector provides directional
information, and the spatial distribution of factors such as total
intensity and inclination may provide information about
position. Indeed, the use of magnetic information in bird
orientation was discussed in the last century, when von
Middendorff (1859) proposed what we, in modern terms,
would call a ‘magnetic compass’, and Viguier (1882)
suggested that displaced pigeons use total magnetic intensity
and inclination to determine their home direction.

The magnetic compass of birds
Demonstrating magnetic compass orientation

The magnetic compass was first described for European
robins (Erithacus rubecula), a passerine species that migrates
at night. Captive individuals of migrants become restless in
their cages at the times of the year when their free-living
conspecifics migrate, and they prefer to stay at the side of their
cage pointing towards their migratory direction. This
behaviour was used to analyze the birds’ orientation in the
laboratory, where magnetic conditions can easily be changed
in a controlled way. When the magnetic north was rotated by
coil systems, while the field’s total intensity and inclination
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Fig. 1. Schematic view of the earth and the geomagnetic field.
were almost unchanged and all other potential directional cues
remained the same, the birds altered their directional
preferences according to the change in magnetic north (Fig. 2).
This behaviour indicates that they used the magnetic field for
direction finding (W. Wiltschko, 1968).

Functional characteristics

Analyses of the birds’ magnetic compass showed some
remarkable differences in comparison with the technical
magnetic compass used by humans. For example, it was found
to be narrowly tuned to the total intensity of the ambient
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Fig. 2. Orientation of European robins: when magnetic north (mN) is de
at the periphery of the circle indicate the bearings of single test nights
the radius of the circle=1. The two inner circles mark the 5 % (dashed)
magnetic field (W. Wiltschko, 1978). When living at an
intensity of 46 000 nT, robins were not oriented in fields of
34 000 nT and below or, even more surprisingly, of 60 000 nT
and above. However, birds housed for at least 3 days in such
fields regained their ability to orient. Apparently, the potential
window of the magnetic compass is much wider than the actual
functional range (W. Wiltschko, 1978).

Another noteworthy feature of the birds’ magnetic compass
is that it works as an ‘inclination compass’, i.e. it is based on
the axial course of the field lines and their inclination in space,
ignoring polarity. Inverting the vertical component had the
same effect as reversing the horizontal component; a reversal
of both components, which means an inversion of polarity
while maintaining the course of the field lines, did not alter the
birds’ behavior (W. Wiltschko and Wiltschko, 1972). The
magnetic compass of birds is an inclination compass: instead
of indicating ‘north’ and ‘south’, it distinguishes between
‘poleward’, where the field lines point to the ground, and
‘equatorward’, where they point upwards (Fig. 3). In a
horizontal field, magnetic compass information is bimodal.

Orientation with the help of the magnetic compass
The magnetic compass in migratory orientation

A number of other migrant species have been tested in
altered magnetic fields and were found to use a magnetic
compass. The list (see Table 1) includes short-distance and
long-distance migrants, and birds of the northern as well as
birds of the southern hemisphere, such as the yellow-faced
honeyeater and the Australian silvereye. The majority of
species are nocturnal migrants; however, silvereyes migrate
during the twilight hours and the honeyeaters are day migrants,
with their peak migration in mid-morning (Munro and
Wiltschko, 1993). The family Meliphagidae is endemic to the
Australian faunal region and not closely related to any other
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flected, the birds alter their preferred direction accordingly. The symbols
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 and the 1 % significance border (data from W. Wiltschko, 1968).
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Fig. 3. Vertical cross section through 
the magnetic field illustrating the
‘inclination compass’. He, vector of the
local geomagnetic field. H, vector of an
experimental magnetic field; Hs, vector
of an experimental field corresponding to
that of the southern hemisphere; Hh, Hv,
horizontal and vertical components; g,
gravity vector; N, S, north and south.
»p«, »e«, poleward, equatorward, the
readings of the birds’ magnetic compass.
In a horizontal field, the directional
information becomes bimodal.
species studied so far. Together, these findings suggest that the
magnetic inclination compass is a rather widespread
mechanism among birds, regardless of their systematic
relationship, their geographic distribution and their migratory
habits.

This insight has interesting implications for bird migration.
Experiments with young migrants that were handraised and
tested without ever seeing celestial cues (e.g. W. Wiltschko
and Gwinner, 1974; Beck and Wiltschko, 1982) indicate that
the migratory direction is genetically encoded as a compass
course relative to the geomagnetic field. In both hemispheres,
birds start out in autumn heading ‘equatorward’, which means
‘south’ for the northern and ‘north’ for the southern birds.
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Fig. 4. Because of the different inclination, migratory
birds from the northern and the southern hemisphere
may use the same migratory programme, which tells
them: ‘when the days get shorter, start out heading
equatorward’ (after W. Wiltschko et al. 1993).
Abbreviations are explained in Fig. 3; g, smaller angle
between gravity and the magnetic field lines.
Because of the differences in inclination (see Fig. 1), migrants
may have a common migratory programme (Fig. 4; W.
Wiltschko et al. 1993).

Three species shown to use an inclination compass (see
Table 1), namely garden warblers, pied flycatchers and
bobolinks, are transequatorial migrants. They face two
problems: (1) their inclination compass becomes ambiguous in
the horizontal field of the magnetic equator, and (2) beyond the
magnetic equator, they must reverse their migratory direction
with respect to the inclination compass in order to continue in
the same (geographic) direction. Birds that regularly cross the
magnetic equator have developed means to overcome this
situation. Experiments with garden warblers indicate how they
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Table 1. Migratory birds that have been shown to use a
magnetic compass

Bird species Reference

European robin, Erithacus W. Wiltschko and Merkel (1966)
rubecula (Muscicapidae)* W. Wiltschko and Wiltschko 

(1972)*

Pied flycatcher, Ficedula Beck and Wiltschko (1981)*
hypoleuca (Muscicapidae)*

Wheatear, Oenanthe oenanthe Sandberg et al. (1991)
(Muscicapidae)

Common whitethroat, Sylvia W. Wiltschko and Merkel (1971)
communis (Sylviidae)

Garden warbler, Sylvia borin W. Wiltschko (1974)*
(Sylviidae)*

Subalpine warbler, Sylvia W. Wiltschko and Wiltschko 
cantillans (Sylviidae) (1975a)

Blackcap, Sylvia atricapilla Viehmann (1979)*
(Sylviidae)*

Goldcrested kinglet, Regulus Weindler (1994)*
regulus (Sylviidae)*

Dunnock, Prunella modularis Bingman and Wiltschko (1988)
(Prunellidae)

Silvereye, Zosterops lateralis W. Wiltschko et al. (1993)*
(Zosteropidae)*

Yellow-faced honeyeater, Munro and Wiltschko (1993)* 
Lichenostomus chrysops 
(Meliphagidae)*

Red-eyed vireo, Vireo R. Sandberg and F. R. Moore 
olivaceus (Vireonidae) (in preparation)

Scarlet grossbeak, Carpodactus Shumakov and Vinigradova 
erythrinus (Fringillidae) (1992)

Chaffinch, Fringilla coelebs R. Sandberg (personal 
(Fringillidae) communication)

Indigo bunting, Passerina Emlen et al. (1976)
cyanea (Emberizidae)

Savannah sparrow, Passerculus Bingman (1981); Able and Able 
sandwichensis (Emberizidae) (1993)

Snow bunting, Plectrophenax R. Sandberg and J. Pettersson 
nivalis (Emberizidae) (in preparation)

Bobolink, Dolichonyx Beason and Nichols (1984); 
oryzivorus (Icteridae)* Beason (1989)*

*Species that have been shown to use an inclination compass and
the respective reference.

Home Home

S up N up

Fig. 5. Under overcast, small magnetic coils around the head may
affect the orientation of homing pigeons; vanishing bearings of
pigeons with a resulting field pointing downwards (south up, S up)
and pointing upwards (north up, N up). Symbols at the periphery
indicate the vanishing bearings of individual birds; the arrows
represent the mean vectors with respect to the home direction
(upward), drawn proportional to the radius of the circle (data from
Walcott and Green, 1974).
master the problem of changing their migratory direction from
‘equatorward’ to ‘poleward’. During autumn migration, birds
that had been kept in a horizontal magnetic field for 2 days
reversed their directional tendencies, now heading northward
(i.e. poleward), whereas untreated controls continued
southward (i.e. equatorward) until migration ended (W.
Wiltschko and Wiltschko, 1992). Apparently, the horizontal
field of the magnetic equator itself serves as a trigger and
causes the birds to begin flying ‘poleward’.

This leaves the problem of the specific situation at the
magnetic equator. In laboratory tests, garden warblers were
disoriented when a horizontal magnetic field was the only
available cue (W. Wiltschko, 1974). In nature, however,
additional factors may help the birds to master the situation
(see Beason, 1992).

Magnetic compass orientation in homing behavior

Carrier pigeons, Columba livia (Columbiformes), are the
only non-migrants whose magnetic orientation has been
studied. Pigeons use the magnetic compass in homing, where
the appropriate course is determined by a navigational process.
Pigeons have to be released in order to record their directional
behaviour, which makes manipulations of the ambient
magnetic conditions rather difficult. Keeton (1971) and later
Ioalè (1984) reported that magnets caused disorientation in
pigeons when the birds were released under total overcast.

A report by Moore (1988), claiming that Keeton could not
repeat his own findings, is based on an unfortunate
misinterpretation of Keeton’s later results: a critical
comparison of these data with those presented by Keeton
(1971) reveals that the behaviour of the pigeons carrying
magnets is similar, whereas, for reasons unknown, the
orientation of the controls is much more scattered than in
Keeton’s original study. This disorientation of the control
pigeons deprived Keeton of a baseline for further studies; his
later data (published by Moore, 1988) are inconclusive (see R.
Wiltschko and Wiltschko, 1995, for details).

The findings by Keeton (1971) provided the first indications
for magnetic compass orientation in homing. More direct
evidence was reported by Walcott and Green (1974) and
Visalberghi and Alleva (1979), who equipped their birds with
pairs of small, battery-operated coils that changed the field
around the head. While these coils had little effect under sun,
their effect under overcast depended on the direction of current.
When magnetic north of the induced field pointed upwards, so
that the resultant field roughly corresponded to an inversion of
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the vertical component, the test birds showed a tendency to fly
away from home (Fig. 5). These findings suggest that the
magnetic compass of pigeons, too, is an inclination compass.

In homing, the magnetic compass is not only involved in
locating the course determined by navigational processes. It
may also be part of these navigational processes themselves,
namely, when they are based on information obtained during
the outward journey. Young, inexperienced pigeons were
disoriented when transported to the release site in a distorted
magnetic field, whereas a second group that had experienced
the same distorted magnetic field for an equal length of time
while waiting at the release site were homeward-oriented
(Fig. 6). This clearly shows that it was not the distorted field
per se but being transported in the distorted field that was
crucial (R. Wiltschko and Wiltschko, 1978). These findings are
usually explained by the assumption that pigeons use the
magnetic field as a reference system for storing information
about the course of the outward journey and the home course,
and that the distortion of the magnetic field during
displacement prevented the experimental birds from storing
such information.

This navigational strategy is only used by very young,
inexperienced birds, however. Older and more experienced
pigeons seem to be hardly affected by magnetic treatments
during displacement (Kiepenheuer, 1978; Wallraff, 1980;
Wallraff et al. 1980), suggesting a change in navigational
strategy (see R. Wiltschko and Wiltschko, 1985).

The interaction of magnetic compass information with other
directional cues

Apart from the magnetic compass, birds have two celestial
compass mechanisms which supply them with essentially the
same type of directional information: the sun compass during
daytime and the star compass at night. Since the sun and the
stars change their positions with time and with geographic
latitude, seeing them per se does not provide any directional
information. Birds acquire the ability to interpret celestial cues
by learning processes during the first months of life (see
Emlen, 1972; R. Wiltschko, 1983). Numerous studies that
revealed manifold interactions between the various systems
will be briefly summarized below.

The magnetic compass is involved in the learning processes
that lead to the establishment of the sun compass. Young,
inexperienced pigeons use the magnetic compass before they
can use the sun compass (R. Wiltschko and Wiltschko, 1981),
and there are indications that the magnetic compass serves as a
directional reference system to establish the sun compass (W.
Wiltschko et al. 1983). Later, however, the sun compass
becomes the preferred system. This development is
demonstrated by the effects of manipulating the birds’ internal
clock, which alters the readings of the sun compass without
affecting the magnetic compass: these birds show characteristic
deflections from the mean headings of untreated controls (e.g.
Schmidt-Koenig, 1961). However, a recent analysis of clock-
shift experiments suggests that the magnetic compass is
possibly still involved to some extent (R. Wiltschko et al. 1994).
Also, the magnetic compass may play an important role when
clock-shifted pigeons return home. Despite their deflected
departure directions, the majority of these birds return on the
day of release, i.e. before the sun compass is readjusted. It
seems most likely that in these cases the sun compass is
abandoned in favour of the magnetic compass.

The interaction of the magnetic compass and the star
compass in the orientation of nocturnal migrants is more
complex. The star compass develops with celestial rotation as
a directional reference, independently from the magnetic field
(Emlen, 1970; W. Wiltschko et al. 1987). During the
premigratory phase, celestial rotation proved dominant over
magnetic information in cases of conflict; it altered the
migratory course with respect to the magnetic field (e.g.
Bingman, 1983; Able and Able, 1990, 1993, 1995; Prinz and
Wiltschko, 1992). However, when celestial cues and the
magnetic field gave conflicting information during migration,
the magnetic compass turned out to be the dominant system
that changed the directional significance of the stars (e.g. W.
Wiltschko and Wiltschko, 1975a,b; Bingman, 1987; Beason,
1989) and of the pattern of polarized light at sunset (Bingman
and Wiltschko, 1988).

The interactions between the various systems have been
reviewed extensively by W. Wiltschko and Wiltschko (1988,
1991), Able (1991, 1993) and R. Wiltschko and Wiltschko
(1995).

The accuracy of magnetic compass orientation
For a long time, the magnetic compass had the reputation of
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Table 2. Accuracy of magnetic compass orientation

±a
Species N Median r (qu 1; qu 3) (degrees) Reference

Silvereye 17 0.74 (0.57; 0.85) ±41 W. Wiltschko et al. (1993)
Pied flycatcher 18 0.63 (0.52; 0.92) ±49 Weindler et al. (1995)
European robin 12 0.77 (0.46; 0.93) ±39 W. Wiltschko and Wiltschko (1995)

Data were recorded in the geomagnetic field in the absence of visual cues; the number of tests per individual bird ranged from 4 to 9; the
median was 5 in all three species. 

N, number of test birds; med. r, median vector length; qu 1, qu 3, quartiles 1 and 3; ±a, angular deviation indicated by the median vector
lengths.
being inferior to the celestial compass mechanisms with regard
to accuracy, because the orientation of birds looked much more
clear-cut when visual cues were available. This view, however,
was based on a misinterpretation of cage data. The activity
within a test cage is indeed more concentrated in the presence
of visual cues; yet the accuracy with which birds select their
migratory direction, represented by the distribution of the
headings of each test, is similar with and without celestial cues
(R. Wiltschko and Wiltschko, 1978).

In most test series with migrants, vector lengths are in the
range of about 0.5, which does not seem to suggest a very high
accuracy. However, the vectors are often based on the pooled
data of several individuals, and inter-individual differences
may have contributed to the general variance. Data on the
performance of individual birds are scarce; examples for three
species are given in Table 2. The medians suggest an average
accuracy in the range of about ±40 ˚. Since a considerable part
of the variance might be caused by an imperfect reflection of
the behaviour by the rather artificial test situation in a cage, the
actual accuracy of individual birds must be assumed to be even
higher.

The behaviour of free-flying birds indeed suggests a rather
high accuracy. Pigeons released under overcast skies, i.e. in
a situation in which they have to rely on the magnetic
compass (see below), may produce vectors above 0.9, which
means that in this case inter-individual variances and
individual inaccuracy in the navigation process and compass
orientation add up to an angular deviation of less than 25 ˚.
If pigeons are accustomed to flying under overcast skies, their
orientation under sunny and under overcast skies does not
differ (Keeton, 1969, 1974; R. Wiltschko, 1992), which
indicates that the accuracy of the magnetic compass is equal
to that of the sun compass.

Magnetic ‘map’ factors in avian navigation
Another use of magnetic information has been discussed,

namely, that magnetic parameters may constitute coordinates
of the navigational ‘map’, i.e. of the mechanisms used by
displaced birds to determine the home direction from local
information (for a detailed description, see Wallraff, 1974; W.
Wiltschko and Wiltschko, 1982, 1987). Unfortunately, our
ideas about the nature of this ‘map’ are still very vague, so that
it is impossible to supply birds with meaningful ‘false’
information in this respect. The findings suggesting that
displaced pigeons use magnetic cues when determining their
home direction are mainly correlations with natural changes of
magnetic parameters, observed break-downs of orientation
when the magnetic field is disturbed, and the effects and after-
effects of magnetic treatments.

Experimental evidence suggesting magnetic ‘map’ factors

The data mentioned below were recorded under sun, i.e.
when the sun compass was available; hence, they are
considered to represent effects associated with the navigational
‘map’. They may be grouped into three categories: (i) effects
of local anomalies, (ii) effects of temporal variations, and (iii)
effects and after-effects of magnetic treatments.

Anomalies

If pigeons used magnetic map factors, their orientation
should be affected at sites where local magnetic values deviate
markedly from the general course of the magnetic field in the
region. This prediction is supported by observation: at weak
anomalies, considerable deviations from the home course were
observed (e.g. Wagner, 1976; Frei, 1982); at strong anomalies
with a steep magnetic gradient, the pigeons showed a dramatic
increase in scatter and even became disoriented. Walcott
(1978) and Kiepenheuer (1982) found a negative correlation
between the rate of change in magnetic intensity at the
respective sites and the vector lengths (Fig. 7). This
relationship seems to suggests that the magnetic parameters at
strong anomalies deviate so much from normal that they
become ‘non-readable’ to the birds. However, not all pigeons
are equally affected. A recent study by Walcott (1992)
indicated that the conditions at the home loft are crucial for the
pigeons’ response at magnetic anomalies.

Temporal variations

Since pigeons using magnetic ‘map’ information would
have to consider magnetic variations, their response to
temporal fluctuations of the geomagnetic field became of
interest. At some sites, the mean bearings of pigeons repeatedly
released from these sites were correlated with the magnetic
fluctuations during the 12 h interval before release, as
characterized by the K-index (e.g. Keeton et al. 1974;
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Fig. 7. Orientation behaviour in an area of a strong anomaly. The
vector lengths (ordinate, logarithmic scale) are correlated with the
maximum difference in intensity (abscissa, logarithmic scale) within
1 km in the homeward direction (coefficient of correlation r=0.96,
P<0.05). Three releases are given as examples (home, upwards;
symbols as in Fig. 5) (data from Walcott, 1978).
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Kowalski et al. 1988; see also Schmidt-Koenig and Ganzhorn,
1991). These correlations disappeared when the birds were
released with magnets attached to their backs (Larkin and
Keeton, 1976). The regular daily variations of the geomagnetic
field also seemed to affect pigeon homing: in some cases, mean
bearings recorded at 06:00 h differed from those of the same
birds released at noon by up to 30 ˚. These differences were,
again, cancelled by magnets (W. Wiltschko et al. 1986).
However, this effect was observed only in some years, but not
in others (Fig. 8; Becker et al. 1991), and not all birds were
equally affected. Another odd aspect of effects associated with
temporal variations in the magnetic field is that their
manifestation is not always as predicted by the traditional
‘map’ concept. A plausible interpretation for this phenomenon
has not yet been put forward (for a more detailed discussion,
see R. Wiltschko and Wiltschko, 1995).
160

140

120

M
ea

n 
va

ni
sh

in
g 

be
ar

in
g 

(d
eg

re
es

)

12 3 4 5 6

Individual birds

Fig. 8. Mean vanishing bearings of
individual pigeons repeatedly
released at a site 30 km north of the
loft (home direction 185 ˚). Each
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Magnetic treatments

The effects of various treatments before and during release
have also been discussed in view of magnetic ‘map’
components. Bearings of pigeons released with small magnets
on their back or coils around their head (see Fig. 5) under sun
deviated slightly from those of untreated controls, deviations
ranging up to about 30 ˚ (e.g. Keeton, 1971; Walcott, 1977;
Visalberghi and Alleva, 1979; Lednor and Walcott, 1983).
Treatments with oscillating fields prior to the release caused
marked deviations in vanishing bearings from those of the
controls, an increase in scatter, or both (e.g. Papi et al. 1983;
Papi and Ioalè, 1988). The strength of the effect depended on
impulse shape and the frequency of the applied fields (Fig. 9;
Ioalè and Guidarini, 1985; Ioalè and Teyssèdre, 1989). After-
effects observed after treating pigeons with extremely strong
fields or short, strong pulses also varied greatly; they ranged
from a deflection of more than 90 ˚ to no deflection at all.

Open questions about the use of magnetic ‘map’ factors

All theoretical considerations on position finding start from
the idea of a grid of gradients that forms the coordinates of the
‘map’; birds are assumed to compare their local values with
the ones remembered from home. Parameters showing
gradients, such as total intensity and inclination, could
theoretically serve as ‘map’ factors. However, the birds would
be required to detect minute difference in the range of 10 nT
against a background of 30 000–50 000 nT. Additional
problems arise because the two parameters, although showing
world-wide gradients, may be rather irregular on a more local
scale, with anomalies exceeding the differences to be
measured. The daily variations in both parameters are of
similar size, not to mention magnetic storms which may cause
differences far exceeding these small ones. How birds might
cope with the problem of distinguishing changes caused by
spatial variations from those caused by temporal variations, at
the same time taking local irregularities into account, is still
unclear.

Taken together, the findings suggesting a role of magnetic
factors in the birds’ navigational ‘map’ do not form a
consistent picture. In part, they even seem to contradict each
7 8
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Open symbols, release site in the north; filled symbols, release site in
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other. For example, it appears paradoxical that strong
anomalies should cause disorientation, whereas magnets,
which represent a much greater distortion of the magnetic field
than most anomalies, cause only slight deviations. The
deflections induced by temporal variations of the magnetic
field are also unexplained, and a number of other open
questions also await answers (see R. Wiltschko and Wiltschko,
1995).

The general role of magnetic cues in the pigeons’
navigational ‘map’ is not entirely clear. One characteristic of
magnetic ‘map’ effects is the immense variability observed at
all levels. Not all pigeons were disoriented at strong anomalies,
K-correlations could not be observed at all sites, and
differences between morning and noon bearings could not be
observed in all years. The same variability appears to apply for
the results of the various kinds of magnetic treatment (e.g.
Benvenuti and Ioalè, 1988; Ranvaud et al. 1991). This does not
mean, however, that the effects are small and disappear in the
general noise. On the contrary, when they occur, they are
highly significant and quite spectacular; yet they do not occur
everywhere or every time. Moreover, even when magnetic
‘map’ effects are observed, not all pigeons within a group are
equally affected; the variability at the individual level is
enormous (for examples, see Larkin and Keeton, 1976; W.
Wiltschko et al. 1986; Kowalski et al. 1988). Homing
performance, in contrast, is hardly affected by magnetic
manipulations, which suggests that magnetic cues are not
essential. Taken together, these findings can only be explained
by assuming that a multitude of factors is involved in the
navigational process. Apparently, birds have alternatives and
can choose between several options; circumstances yet
unknown determine which cues are preferentially used in a
given situation.

Conclusions
The findings summarized in this paper clearly show that the

geomagnetic field provides important orientational
information. The use of a magnetic compass is widespread
among birds. Its way of functioning as an inclination compass,
its biological relevance as a directional reference system in
migration and homing, and its interactions with other types of
directional information are fairly well understood. An
involvement of magnetic information in the navigational
‘map’, in contrast, is still largely unclear. Several authors (e.g.
Wallraff, 1983; Gould, 1985; Walcott, 1991), reviewing the
available evidence, have hesitated to accept an important role
of magnetic cues because of the unexplained variability and
seeming discrepancies between findings. Taken together, the
positive evidence cannot be dismissed, but a convincing
hypothesis explaining all the known details of magnetic
phenomena in a consistent way has not yet been put forward.
We are still far from understanding how magnetic ‘map’
factors might work.

Our own studies quoted here have been supported by the
Deutsche Forschungsgemeinschaft, in part in the program SFB
45 ‘Vergleichende Physiologie des Verhaltens’.

References
ABLE, K. P. (1991). The development of migratory orientation

mechanisms. In Orientation in Birds (ed. P. Berthold), pp.
166–179. Basel: Birkhäuser.

ABLE, K. P. (1993). Orientation cues used by migratory birds: a
review of cue-conflict experiments. Trends Ecol. Evol. 8, 367–371.

ABLE, K. P. AND ABLE, M. A. (1990). Calibration of the magnetic
compass of a migratory bird by celestial rotation. Nature 347,
378–389.

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

ABLE, K. P. AND ABLE, M. A. (1995). Interactions in the flexible
orientation system of a migratory bird. Nature (in press).

BEASON, R. C. (1989). Use of an inclination compass during migratory
orientation by the bobolink (Dolichonyx oryzivorus). Ethology 81,
291–299.

BEASON, R. C. (1992). You can get there from here: responses to
simulated magnetic equator crossing by the bobolink (Dolichonyx
oryzivorus). Ethology 91, 75–80.

BEASON, R. C. AND NICHOLS, J. E. (1984). Magnetic orientation and
magnetically sensitive material in a transequatorial migratory bird.
Nature 309, 151–153.

BECK, W. AND WILTSCHKO, W. (1981). Trauerschnäpper (Ficedula
hypoleuca Pallas) orientieren sich nicht-visuell mit Hilfe des
Magnetfelds. Vogelwarte 31, 168–174.

BECK, W. AND WILTSCHKO, W. (1982). The magnetic field as reference
system for the genetically encoded migratory direction in Pied
Flycatchers (Ficedula hypoleuca Pallas). Z. Tierpsychol. 60, 41–46.

BECKER, M., FÜLLER, E. AND WILTSCHKO, R. (1991). Pigeon
orientation: daily variation between morning and noon occur in
some years, but not in others. Naturwissenschaften 78, 426–428.

BENVENUTI, S. AND IOALÈ, P. (1988). Initial orientation of homing
pigeons: different sensitivity to altered magnetic fields in birds of
different countries. Experientia 44, 358–359.

BINGMAN, V. P. (1981). Savannah sparrows have a magnetic compass.
Anim. Behav. 29, 962–963.



37Magnetic orientation in birds
BINGMAN, V. P. (1983). Magnetic field orientation of migratory
savannah sparrows with different first summer experience.
Behaviour 87, 43–53.

BINGMAN, V. P. (1987). Earth’s magnetism and the nocturnal
orientation of migratory European robins. Auk 104, 523–525.

BINGMAN, V. P. AND WILTSCHKO, W. (1988). Orientation of dunnocks
(Prunella modularis) at sunset. Ethology 77, 1–9.

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

EMLEN, S. T. (1972). The ontogenetic development of orientation
capabilities. In Animal Orientation and Navigation (ed. S. R.
Galler, K. Schmidt-Koenig, G. J. Jacobs and R. E. Belleville), pp.
191–210. Washington, DC: NASA SP-262, U.S. Government
Printing Office.

EMLEN, S. T., WILTSCHKO, W., DEMONG, N. J., WILTSCHKO, R. AND

BERGMAN, S. (1976). Magnetic direction finding: evidence for its
use in migratory indigo buntings. Science 193, 505–508.

FREI, U. (1982). Homing pigeons’ behaviour in the irregular magnetic
field of Western Switzerland. In Avian Navigation (ed. F. Papi and
H. G. Wallraff), pp. 129–139. Berlin, Heidelberg, New York:
Springer Verlag.

GOULD, J. L. (1985). Are animal maps magnetic? In Magnetite
Biomineralization and Magnetoreception in Organisms (ed. J. L.
Kirschvink, D. S. Jones and B. J. MacFadden), pp. 257–268. New
York: Plenum Press.

IOALÈ, P. (1984). Magnets and pigeon orientation. Monit. zool. Ital.
(N.S.) 18, 347–358.

IOALÈ, P. AND GUIDARINI, D. (1985). Methods for producing
disturbances in pigeon homing behavior by oscillating magnetic
fields. J. exp. Biol. 116, 109–120.

IOALÈ, P. AND TEYSSÈDRE, A. (1989). Pigeon homing: effects of
magnetic disturbances before release on initial orientation. Ethol.
Ecol. Evol. 1, 65–80.

KEETON, W. T. (1969). Orientation by pigeons: is the sun necessary?
Science 165, 922–928.

KEETON, W. T. (1971). Magnets interfere with pigeon homing. Proc.
natn. Acad. Sci. U.S.A. 68, 102–106.

KEETON, W. T. (1974). The orientational and navigational basis of
homing in birds. Adv. Study Behav. 5, 47–132.

KEETON, W. T., LARKIN, T. S. AND WINDSOR, D. M. (1974). Normal
fluctuations in the earth’s magnetic field influence pigeon
orientation. J. comp. Physiol. 95, 95–103.

KIEPENHEUER, J. (1978). Pigeon navigation and magnetic field.
Naturwissenschaften 65, 113.

KIEPENHEUER, J. (1982). The effect of magnetic anomalies on the
homing behaviour of pigeons. In Avian Navigation (ed. F. Papi and
H. G. Wallraff), pp. 120–128. Berlin, Heidelberg, New York:
Springer Verlag.

KOWALSKI, U., WILTSCHKO, R. AND FÜLLER, E. (1988). Normal
fluctuations of the geomagnetic field may affect initial orientation
in pigeons. J. comp. Physiol. 163, 593–600.

LARKIN, T. S. AND KEETON, W. T. (1976). Bar magnets mask the effect
of normal magnetic disturbance on pigeon orientation. J. comp.
Physiol. 110, 227–231.

LEDNOR, A. J. AND WALCOTT, C. (1983). Homing pigeon navigation:
The effect of in-flight exposure to a varying magnetic field. Comp.
Biochem. Physiol. 76A, 665–672.

LINCOLN, J. V. (1967). Geomagnetic indices. In Physics of
Geomagnetic Phenomena (ed. S. Matsushita and W. H. Campbell),
pp. 67–100. New York, London: Academic Press.

MOORE, B. R. (1988). Magnetic fields and orientation in homing
pigeons: experiments of the late W. T. Keeton. Proc. natn. Acad.
Sci. U.S.A. 85, 4907–4909.

MUNRO, U. H. AND WILTSCHKO, W. (1993). Magnetic compass
orientation in the yellow-faced honeyeater, Lichenostomus
chrysops, a day-migrating bird from Australia. Behav. Ecol.
Sociobiol. 32, 141–145.

PAPI, F. AND IOALÈ, P. (1988). Pigeon navigation: new experiments
on interaction between olfactory and magnetic cues. Comp.
Biochem. Physiol. 91A, 87–89.

PAPI, F., MESCHINI, E. AND BALDACCINI, N. E. (1983). Homing
behaviour of pigeons released after having been placed in an
alternating magnetic field. Comp. Biochem. Physiol. 76A, 673–682.

PRINZ, K. AND WILTSCHKO, W. (1992). Migratory orientation of pied
flycatchers: Interaction of stellar and magnetic information during
ontogeny. Anim. Behav. 44, 539–545.

RANVAUD, R., SCHMIDT-KOENIG, K., GANZHORN, J. U., KIEPENHEUER,
J., GASPAROTTO, O. C. AND BRITTO, L. R. G. (1991). The initial
orientation of homing pigeons at the magnetic equator: compass
mechanisms and the effect of applied magnets. J. exp. Biol. 161,
299–314.

SANDBERG, R., OTTOSON, U. AND PETTERSSON, J. (1991). Magnetic
orientation of migratory wheatears (Oenanthe oenanthe) in
Scandinavia and Greenland. J. exp. Biol. 155, 51–64.

SCHMIDT-KOENIG, K. (1961). Die Sonne als Kompaß im Heim-
Orientierungssystem der Brieftauben. Z. Tierpsychol. 18, 221–244.

SCHMIDT-KOENIG, K. AND GANZHORN, J. U. (1991). On the problem
of bird navigation. In Perspectives in Ethology (ed. P. P. G. Bateson
and P. H. Klopfer), pp. 261–283. New York: Plenum Press.

SHUMAKOV, M. E. AND VINIGRADOVA, N. V. (1992). Interrelations
between astronomical and geomagnetic stimuli during migration in
scarlet grosbeaks (Carpodactus erythrinus). In Problems of Birds’
Population Ecology, Russ. Acad. Sci. 247 (ed. V. A. Payevsky),
pp. 106–116 (in Russian).

SKILES, D. D. (1985). The geomagnetic field: its nature, history and
biological relevance. In Magnetite Biomineralization and
Magnetoreception in Organisms (ed. J. L. Kirschvink, D. S. Jones
and B. J. MacFadden), pp. 43–102. New York: Plenum Press.

VIEHMANN, W. (1979). The magnetic compass of blackcaps (Sylvia
atricapilla). Behaviour 68, 24–30.

VIGUIER, C. (1882). Le sens de l’orientation et ses organes chez les
animaux et chez l’homme. Rev. phil. France Etranger 14, 1–36.

VISALBERGHI, E. AND ALLEVA, E. (1979). Magnetic influences on
pigeon homing. Biol. Bull. 125, 246–256.

VON MIDDENDORFF, A. (1859). Die Isepiptesen Rußlands. Mem. Acad.
Sci. St Petersbourg VI, Ser. Tome 8, 1–143.

WAGNER, G. (1976). Das Orientierungsverhalten von Brieftauben im
erdmagnetisch gestörten Gebiete des Chasseral. Rev. suisse Zool.
83, 883–890.

WALCOTT, C. (1977). Magnetic fields and the orientation of homing
pigeons under sun. J. exp. Biol. 70, 105–123.

WALCOTT, C. (1978). Anomalies in the Earth’s magnetic field increase
the scatter of pigeons’ vanishing bearings. In Animal Migration,
Navigation and Homing (ed. K. Schmidt-Koenig and W. T. Keeton),
pp. 143–151. Berlin, Heidelberg, New York: Springer Verlag.

WALCOTT, C. (1991). Magnetic maps in pigeons. In Orientation in
Birds (ed. P. Berthold), pp. 38–51. Basel: Birkhäuser.

WALCOTT, C. (1992). Pigeons at magnetic anomalies: the effects of
loft location. J. exp. Biol. 170, 127–141.

WALCOTT, C. AND GREEN, R. P. (1974). Orientation of homing pigeons
altered by a change in the direction of an applied magnetic field.
Science 184, 180–182.



38 W. WILTSCHKO AND R. WILTSCHKO
WALLRAFF, H. G. (1974). Das Navigationssystem der Vögel. Ein
theoretischer Beitrag zur Analyse ungeklärter
Orientierungsleistungen. Schriftenreihe ‘Kybernetik’. München,
Wien: R. Oldenbourg.

WALLRAFF, H. G. (1980). Does pigeon homing depend on stimuli
perceived during displacement? I. Experiments in Germany. J.
comp. Physiol. 139, 193–201.

WALLRAFF, H. G. (1983). Relevance of atmospheric odours and
geomagnetic field to pigeon navigation: what is the ‘map’ basis?
Comp. Biochem. Physiol. 76A, 643–663.

WALLRAFF, H. G., FOÀ, A. AND IOALÈ, P. (1980). Does pigeon homing
depend on stimuli perceived during displacement? J. comp.
Physiol. 139, 203–208.

WEINDLER, P. (1994). Wintergoldhähnchen (Regulus regulus)
benutzen einen Inklinationskompaß. J. Orn. 135, 620–622.

WEINDLER, P., BECK, W., LIEPA, V. AND WILTSCHKO, W. (1995).
Development of migratory orientation in pied flycatchers in
different magnetic inclination. Anim. Behav. 49, 227–234.

WILTSCHKO, R. (1983). The ontogeny of orientation in young homing
pigeons. Comp. Biochem. Physiol. 76A, 701–708.

WILTSCHKO, R. (1992). Das Verhalten verfrachteter Vögel.
Vogelwarte 36, 249–310.

WILTSCHKO, R., KUMPFMÜLLER, R., MUTH, R. AND WILTSCHKO, W.
(1994). Pigeon homing: the effect of a clock-shift is often smaller
than predicted. Behav. Ecol. Sociobiol. 35, 63–73.

WILTSCHKO, R. AND WILTSCHKO, W. (1978). Evidence for the use of
magnetic outward journey information in homing pigeons.
Naturwissenschaften 65, 112.

WILTSCHKO, R. AND WILTSCHKO, W. (1981). The development of sun
compass orientation in young homing pigeons. Behav. Ecol.
Sociobiol. 9, 135–141.

WILTSCHKO, R. AND WILTSCHKO, W. (1985). Pigeon homing: change in
navigational strategy during ontogeny. Anim. Behav. 33, 583–590.

WILTSCHKO, R. AND WILTSCHKO, W. (1995). Magnetic Orientation in
Animals. Berlin, Heidelberg, New York: Springer Verlag.

WILTSCHKO, W. (1968). Über den Einfluß statischer Magnetfelder auf
die Zugorientierung der Rotkehlchen (Erithacus rubecula). Z.
Tierpsychol. 25, 537–558.

WILTSCHKO, W. (1974). Der Magnetkompaß der Gartengrasmücke
(Sylvia borin). J. Orn. 115, 1–7.

WILTSCHKO, W. (1978). Further analysis of the magnetic compass of
migratory birds. In Animal Migration, Navigation and Homing (ed.
K. Schmidt-Koenig and W. T. Keeton), pp. 302–310. Berlin,
Heidelberg, New York: Springer Verlag.

WILTSCHKO, W., DAUM, P., FERGENBAUER-KIMMEL, A. AND

WILTSCHKO, R. (1987). The development of the star compass in
Garden Warblers, Sylvia borin. Ethology 74, 285–292.

WILTSCHKO, W. AND GWINNER, E. (1974). Evidence for an innate
magnetic compass in garden warblers. Naturwissenschaften 61, 406.
WILTSCHKO, W. AND MERKEL, F. W. (1966). Orientierung
zugunruhiger Rotkehlchen im statischen Magnetfeld. Verh. dt. zool.
Ges. 59, 362–367.

WILTSCHKO, W. AND MERKEL, F. W. (1971). Zugorientierung von
Dorngrasmücken (Sylvia communis). Vogelwarte 26, 245–249.

WILTSCHKO, W., MUNRO, U., FORD, H. AND WILTSCHKO, R. (1993).
Magnetic inclination compass: a basis for the migratory orientation
of birds from the northern and southern hemisphere. Experientia
49, 167–170.

WILTSCHKO, W., NOHR, D., FÜLLER, E. AND WILTSCHKO, R. (1986).
Pigeon homing: The use of magnetic information in position
finding. In Biophysical Effects of Steady Magnetic Fields (ed. G.
Maret, N. Boccara and J. Kiepenheuer), pp. 154–162. Berlin,
Heidelberg, New York: Springer Verlag.

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

WILTSCHKO, W. AND WILTSCHKO, R. (1975a). The interaction of stars
and magnetic field in the orientation system of night migrating
birds. I. Autumn experiments with European warblers (Gen.
Sylvia). Z. Tierpsychol. 37, 337–355.

WILTSCHKO, W. AND WILTSCHKO, R. (1975b). The interaction of stars
and magnetic field in the orientation system of night migrating
birds. II. Spring experiments with European robins (Erithacus
rubecula). Z. Tierpsychol. 39, 265–282.

WILTSCHKO, W. AND WILTSCHKO, R. (1982). The role of outward
journey information in the orientation of homing pigeons. In Avian
Navigation (ed. F. Papi and H. G. Wallraff), pp. 239–252. Berlin,
Heidelberg, New York: Springer Verlag.

WILTSCHKO, W. AND WILTSCHKO, R. (1987). Cognitive maps and
navigation in homing pigeons. In Cognitive Processes and Spatial
Orientation in Animals and Man (ed. P. Ellen and C. Thinus-
Blanc), pp. 201–216. Dordrecht: Martinus Nijhoff.

WILTSCHKO, W. AND WILTSCHKO, R. (1988). Magnetic orientation in
birds. In Current Ornithology, vol. 5 (ed. R. F. Johnston), pp.
67–121. New York: Plenum Press.

WILTSCHKO, W. AND WILTSCHKO, R. (1991). Magnetic orientation and
celestial cues in migratory orientation. In Orientation in Birds (ed.
P. Berthold), pp. 16–37. Basel: Birkhäuser.

WILTSCHKO, W. AND WILTSCHKO, R. (1992). Migratory orientation:
Magnetic compass orientation of garden warblers (Sylvia borin)
after a simulated crossing of the magnetic equator. Ethology 91,
70–79.

WILTSCHKO, W. AND WILTSCHKO, R. (1995). Migratory orientation of
European robins is affected by the wavelength of light as well as
by a magnetic pulse. J. comp. Physiol. A 177, 363–369.

WILTSCHKO, W., WILTSCHKO, R., KEETON, W. T. AND MADDEN, R.
(1983). Growing up in an altered magnetic field affects the initial
orientation of young homing pigeons. Behav. Ecol. Sociobiol. 12,
135–142.


