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The avian magnetic compass works in a fairly narrow functional window

around the intensity of the local geomagnetic field, but adjusts to intensities

outside this range when birds experience these new intensities for a certain

time. In the past, the geomagnetic field has often been much weaker than at

present. To find out whether birds can obtain directional information from a

weak magnetic field, we studied spontaneous orientation preferences of

migratory robins in a 4 mT field (i.e. a field of less than 10 per cent of the

local intensity of 47 mT). Birds can adjust to this low intensity: they turned

out to be disoriented under 4 mT after a pre-exposure time of 8 h to 4 mT,

but were able to orient in this field after a total exposure time of 17 h. This

demonstrates a considerable plasticity of the avian magnetic compass. Orien-

tation in the 4 mT field was not affected by local anaesthesia of the upper

beak, but was disrupted by a radiofrequency magnetic field of 1.315 MHz,

480 nT, suggesting that a radical-pair mechanism still provides the direc-

tional information in the low magnetic field. This is in agreement with the

idea that the avian magnetic compass may have developed already in the

Mesozoic in the common ancestor of modern birds.
1. Introduction
One of the characteristic properties of the magnetic inclination compass of birds

is that it spontaneously works only in a fairly narrow functional window.

Decreasing or increasing the local intensity by about 25–30 per cent was shown

to lead to disorientation in European robins, Erithacus rubecula (Turdidae), and

garden warblers, Sylvia borin, two species of small passerine migrants, and in

domestic chickens, Gallus gallus [1–3]. This functional window is not fixed, how-

ever, but can adjust to intensities outside this range when the birds experience

these other intensities for a certain time. European robins caught in Frankfurt

am Main in a local field of 47 mT and housed for at least 3 days at 16 mT were

able to orient in 16 mT and continued to be oriented in 46 mT. The same was

true for birds pre-exposed in a 150 mT field [4].

For migratory birds, the ability to adjust their magnetic compass to new

intensities is important, because the intensity of the geomagnetic field varies

worldwide between 23 and 66 mT, generally with high values in polar regions

and low values near the equator [5]. For example, robins that grow up in central

Scandinavia in intensities above 50 mT migrate to the Mediterranean region

with intensities of about 40 mT. Long-distance migrants such as garden war-

blers from the same region of origin winter in Africa south of the Sahara

desert, where intensities are as low as 32 mT. With southward migration lasting

about three months, the intensity changes encountered en route are obviously

small enough for the magnetic compass to gradually adjust.

The geomagnetic intensity does not only vary across the globe, but also in time.

Since the first absolute measurements by C. F. Gauss in 1833, the geomagnetic

dipole strength has decreased by about 10 per cent. However, the present-day
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magnetic field is still 30 per cent larger compared with the tem-

poral average over the last 800 000 years [6], and at times it may

have been as low as 4 mT [7].

This raises the question of whether the avian magnetic

compass can still perform in such a strongly diminished

field, and, if so, how much pre-exposure time birds would

need to adjust. A radical pair process, which forms the phys-

ical basis of the avian inclination compass [8,9], was

theoretically predicted to be effective in present-day Earth-

strength fields, but whether it could cope with fields below

5 mT is unclear [10]. Apart from the radical-pair mechanism,

birds have a second type of magnetoreception pathway,

which is based on magnetite and linked to the trigeminal

nerve. Because it seemed possible that this magnetite-based

mechanism takes over under low field conditions, we pre-

exposed and tested robins in a low field of 4 mT and applied

specific treatments targeting either mechanism.
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2. Material and methods
The experiments were performed in Frankfurt am Main,

Germany (508080 N, 88400 E) in spring and autumn 2010.

(a) Test birds
The test birds were European robins, a small passerine species

that breeds in most parts of Europe and spends the winter

season in the Mediterranean countries; the northern and eastern

populations are nocturnal migrants. Juvenile transmigrants,

probably of Scandinavian origin, were caught in September

2009 in the Botanical Garden in Frankfurt. They were kept in

individual cages in a photoperiod simulating the natural one

during autumn until beginning of December, when it was

reduced to 8 L : 16 D cycle. At the end of December, the photo-

period was increased in two steps to 13 L : 10 D to induce

premature Zugunruhe (migratory restlessness) that allowed us

to test the birds in spring migratory state from early January

to mid-February 2010. A second group of robins was caught in

September 2010, kept under the same photoperiod as the first

group and was tested during autumn migration from end of

September until mid-October 2010.

(b) Test conditions
The test rooms were wooden buildings where the local geomag-

netic field of 47 mT with 668 inclination was largely undisturbed;

it was used for control tests. For the critical tests in the 4 mT field

with 668 inclination, the geomagnetic field was partly compen-

sated with the help of Helmholtz coils. Magnetic field

homogeneity at the test sites was controlled with a triaxial flux

gate magnetometer (FL3-BT, Stefan Maier Instruments).

The 12 birds to be tested in spring 2010 were exposed to the

4 mT field in December 2009 in another room for 3 days, because

earlier experiments had shown that an exposure of at least 3 days

enables robins to orient in the 16 mT field [1,4]. Prior to each test

in the 4 mT field, the birds to be tested that night were transferred

to a second set of housing cages 8 h before the tests began. These

cages stood in an exposure room, a wooden building similar to

the test huts, where the birds were pre-exposed in a 4 mT field

identical with the test field. In autumn, the 16 birds of the

second group did not receive a 3-day pre-exposure before testing

began, but were tested in the 4 mT field after a 8 h pre-exposure

to this field.

Additional tests in spring 2010 were performed to analyse

the mechanism providing the information on magnetic directions

in the 4 mT field:
— To disturb an underlying radical-pair mechanism (see pre-

vious studies [8,11–13]), but not a magnetite-based

mechanism (see [8]), the birds were exposed to a radiofre-

quency magnetic field of 480 nT, applied at an angle of 248
to the vector of the 4 mT static field. We could have used

any frequency above 0.650 MHz (see [9]); for practical

reasons, we chose 1.315 MHz. The radiofrequency field was

produced by a magnetic loop antenna consisting of a single

winding of coaxial cable with 2 cm of the screening removed

opposite to the feed (for details, see [8]). Both radiofrequency

generator and power amplifier were put up outside the test

building and switched on 1 h before the start of the actual

experiment for control measurements and to avoid drift. The

spectral purity of the radiofrequency field and its spatial hom-

ogeneity in the test sites were controlled with a passive H-field

probe (6 cm diameter, Rhode & Schwarz, probe set HZ-11),

connected to a spectrum analyser with 1 Hz resolution

(HP 89410A).

— To temporarily deactivate a putative magnetite-based magne-

toreception pathway associated with the ophthalmic branch

of the trigeminal nerve [14–16] (for review, see [17]), the

upper beak of the birds was locally anaesthetized with Xylo-

caine 2 per cent (Astra Zeneca GmbH, Wedel, Germany;

active substance: lydocainhydrochlorid 1 H2O). The anaes-

thetic was applied externally by gently rubbing a soaked

cotton plug along the edges of the upper beak about 5 min

before tests began, a procedure that had been shown to disrupt

responses that do not originate from the radical pair processes

in the eye; yet it does not affect normal compass orientation

(see earlier studies [18,19] for details).

(c) Test procedures
Testing followed standard procedures: the robins were tested

individually once per day in funnel-shaped cage lines with

thermo paper (Blumberg Systempapiere; see [20]). The test

cages were lit with 565 nm green light at an intensity of

1.9 mW m22—birds have always shown excellent orientation

using their inclination compass in this condition [18,21]. The

activity was recorded for 60 min. Each bird was tested three

times in each condition; if a bird failed to produce at least 35

scratches, the activity was considered insufficient and the test

was repeated.
(d) Data analysis and statistics
For data analysis, the paper was removed from the cages,

divided into 24 sectors and the scratches were counted blind.

From the distribution of the scratches, the heading of the test

was calculated. The three headings of each bird in each condition

were added to produce a vector with the heading ab and the

length rb for that bird. From the mean headings ab we calculated

second-order grand mean vectors which were tested for signifi-

cant directional preference using the Rayleigh test. The data

obtained in the 4 mT fields are compared with the control data

in the geomagnetic field for differences in scatter by the

Mann–Whitney U-test applied to the deviations of the individ-

ual mean headings from the grand mean [22]. From the birds’

vectors lengths rb, medians were calculated and they were

compared with the corresponding control data by the Wilcoxon

test for paired samples.
3. Results
Table 1 summarizes the numerical data of our experiments

and indicates significant differences between experimental and



Table 1. Orientation of European Robins in the various test conditions. Condition: C, control tests in the geomagnetic field; 8pe4mT, after 8 h pre-exposure in a
4 mT field tested in the 4 mT field; 8pe4mTRF, as before, but with a radiofrequency field of 1.315 MHz, 480 nT added; 8pe4mTXy, after 8 h pre-exposure tested
in the 4 mT field with the beak locally anaesthetized. N, number of birds tested; n, number of tests per bird; med rb, median vector length per bird based on
three recordings, with symbols indicating significant differences to control by the Wilcoxon test; aN and rN, direction and length, respectively, of the grand
mean vector (in parentheses if not significant), with symbols indicating significance by the Rayleigh test; DC and D8pe4mT, angular difference to control and
difference to 8pe4mT, respectively, with symbols indicating statistically significant differences by the Mann Whitney U-test. Significance levels: ***p , 0.001;
**p , 0.01; *p , 0.05; n.s., not significant.

season condition N n med rb aN rN DC D8pe4mT

spring C 12 3 0.94 118 0.95*** C1

8pe4mT 12 3 0.68** 238 0.81*** þ128(n.s.)

8pe4mTRF 12 3 0.54** (1278) 0.11 (n.s.) þ1168 *** þ1048 **

8pe4mTXy 12 3 0.81n.s. 78 0.87*** 248(n.s.) 2168 (n.s.)

autumn C 16 3 0.56 1998 0.54** C2

8pe4mT 16 4 0.59n.s. 1978 0.54** 228(n.s.)
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Figure 1. Orientation of European robins during spring migration in the local
geomagnetic field (control, C) and, after pre-exposure, in the 4 mT field
(4 mT), in this field with a radiofrequency field of 1.315 MHz, 480 nT
added (4 mTRF), and with the skin of the upper beak locally anaesthetized
by Xylocaine (4 mTXy). The triangles at the periphery of the circle mark the
mean headings of the individual birds, the arrows represent the grand mean
vector in relation to the radius of the circle ¼ 1, and the two inner circles are
the 5% (dashed) and the 1% border of the Rayleigh test [22].
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Figure 2. Orientation of robins in autumn in the local geomagnetic field
(control, C) and, after pre-exposure, in the 4 mT field (4 mT). Symbols as
in figure 1.
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control conditions; the data for the individual birds are given in

the electronic supplementary material, tables S1 and S2.
(a) Can birds adjust to a 4 mT field?
The aim of the experiments in spring 2010 was to find out

whether birds could in principle adjust to a magnetic intensity

as low as 4 mT, and possibly to identify the mechanism provid-

ing the directional information in this low field. The test birds

had experienced the 4 mT field already for 3 days before the

experimental season and they were pre-exposed to this field

for 8 h before each test in this intensity. Their orientation is
shown in figure 1: they were oriented in their northerly

migratory direction in control tests in the geomagnetic field

and also in the 4 mT field (upper diagrams), with the two dis-

tributions not being significantly different. A 1.315 MHz

radiofrequency field led to disorientation, whereas anaesthesia

of the upper beak had no effect (lower diagrams). This indi-

cates that the directional information in the 4 mT field was

still provided by the radical-pair mechanism.

While the distributions of the birds’ mean headings in the

three oriented samples do not differ from each other (table 1),

the comparison of the intra-individual variance represented

by the individual vector length rb is inconsistent: the rb

values in the 4 mT field were significantly shorter than the

ones of the control tests in the geomagnetic field, but they

were not different when the birds additionally had their

beaks anaesthetized. In the tests with the radiofrequency

field added, the birds’ mean headings were more scattered,

and their individual mean vectors were shorter (table 1).

(b) How much time is required for the adjustment?
The experiments in autumn 2010 were conducted primarily

to obtain a rough estimate of the exposure time required to

adjust to the 4 mT field. We tested new birds, this time with-

out prior exposure to the 4 mT field before the testing began;

the birds were exposed to the low field only for 8 h before

each test in this field.
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Figure 3. Orientation of robins in autumn tested in the 4 mT field after 8 h pre-exposure in the 4 mT field before each test. In the four diagrams, the triangles at
the periphery of the circle indicate the individual headings of the 16 test birds during the 1st, 2nd, 3rd and 4th test. Symbols as in figure 1.
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In the control tests, the robins were significantly oriented

in their seasonally appropriate southerly migratory direction

(figure 2a). In the 4 mT field, however, their behaviour chan-

ged as testing progressed. The birds were tested four times

under this condition. Their individual headings in each

round of tests are given in figure 3: their first recordings

after just 8 h pre-exposure were still disoriented (N ¼ 16,

3168, 0.16 n.s., Rayleigh test), but in the second round

of tests after another pre-exposure of 8 h, the lengths

of the resulting vector increased and indicated a signifi-

cant southerly directional preference (N ¼ 16, 1828, 0.58,

p , 0.01). They continued to appear oriented in the following

two tests (figure 3). Summarizing the four tests per birds

(including the first ones) resulted in oriented behaviour in

the migratory direction, which was statistically indistinguish-

able from the direction observed in the local geomagnetic

field (figure 2b). The individual vector lengths rb did not

differ either.

Obviously, birds require a certain amount of time to adjust

their magnetic compass to an intensity as low as 4 mT. Eight

hours had not been sufficient, but after a total exposure time

of 17 h, they were able to orient in the low field.
4. Discussion
Our findings demonstrate great plasticity of the avian

magnetic compass: it was able to adjust to a magnetic field

of intensity as low as 4 mT, which is less than 10 per cent of

the geomagnetic field at the test site. The adjustment to

this low intensity required a certain time. In previous exper-

iments [9,23], a pre-exposure of only 1 h had been sufficient

to enable robins to orient in a field of 92 mT (i.e. about

twice the local intensity); in the 4 mT field, they needed

an exposure time of more than 8 h to be able to obtain

directional information.

This raises a question about the underlying mechanism.

The inclination compass normally used for direction finding

is provided by the radical-pair mechanism in the eye. Theor-

etical considerations [24,25] indicate that this mechanism may

indeed be able to convey directional information also in

rather low magnetic fields. However, under experimental

conditions that prevented the radical-pair mechanism from

working properly, such as total darkness or certain bichro-

matic illumination conditions, birds show so-called ‘fixed

direction’ responses, which were found to be based on direc-

tional information that was probably derived from a

magnetite-based mechanism in the beak (see [17] for

review). Hence, it seemed possible that this mechanism
took over in the low field situation. The results of the tests

with the radiofrequency field added and with the upper

beak anaesthetized speak against this possibility: even in

the 4 mT field, the directional information appears to be still

mediated by the radical-pair mechanism. This is also sup-

ported by the observation that the birds in the low field

preferred their seasonally appropriate migratory direction in

both seasons—they headed south in autumn and north in

spring—whereas ‘fixed direction’ responses are characterized

by not showing this seasonal change.

We can only speculate as to how the adjustment of

the radical-pair mechanism to higher or lower intensities

works. According to the radical pair model [10], birds

derive magnetic directions from an activity pattern produced

by radical pair processes on their retina. Changes in magnetic

intensity alter this pattern, but retain its symmetry about the

magnetic field axis. Within the functional window, these

changes seem to be so small that the birds can still spon-

taneously interpret a slightly altered pattern. Yet, when

faced with higher or lower intensities, birds may at first be

confused by the novel pattern, but with increasing exposure

time may learn to interpret the unfamiliar pattern and

derive directional information from its axis of symmetry.

Interestingly, birds pre-exposed to 150 mT were oriented in

a 150 mT field and also in the local geomagnetic field of

46 mT, but not in an intermediate intensity of 81 mT,

suggesting the formation of an additional window rather

than a shift or enlargement of the original window [4]. This

observation is in agreement with the idea that birds must

learn to interpret new patterns by experience. The adjustment

of the magnetic compass to an intensity as low as 4 mT

requires considerably more time than that to 92 mT, for

example [23]. Possibly, in the weak magnetic field, the differ-

ences in activation of the pattern are less pronounced so that

it is generally harder to interpret, resulting in the birds need-

ing more time until their magnetic compass is ready to cope

with it.

The ability of the avian magnetic compass to adjust to

very low magnetic intensities has important implications in

an evolutionary context. The magnetic compass of European

robins and domestic chickens was shown to function in the

same way [3], and cryptochrome, the most likely receptor

molecule, is found at the discs of the UV/V cones in the

retina of both species [26]. Chickens and passerine birds are

only distantly related—their lineages branched off in the

late Cretaceous, around 95 Ma [27]. Hence, the similarities

in their magnetic compass mechanism (which differs,

for example, from that of mammals [28–31]) appear to

suggest a common origin—a compass mechanism developed
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already by the ancestors of all modern birds in the Mesozoic

age [32].

Such considerations must take into account past vari-

ations in the geomagnetic field. The most dramatic

magnetic field changes of global extent are polarity reversals,

during which the normally predominating dipolar part of the

field drops to anomalously low values before changing sign.

According to a mathematical model of the last reversal at

about 775 000 years ago [33], surface fields of 4 mT and less

were common in most of Europe and Africa for at least

100 years (see [7]). Since the last reversal, there have been

several geomagnetic excursions, during which the dipolar

field significantly weakened without undergoing a complete

reversal [6,34]. For example, during the Laschamp excursion

40 000 years ago, the surface field over most of Europe

and northwest Africa was as weak as 4 mT (see [7], on the

basis of the model by Leonhardt et al. [35]). Our present

data suggest that the avian magnetic compass based on
radical-pair processes would have been able to cope with

such low fields. We cannot exclude that the ancestors of

our birds may have developed additional mechanisms to

handle the very low intensity effectively—mechanisms that

became too costly to maintain when no longer needed. On

the other hand, since birds accustomed to the strong pre-

sent-day field can orient in a field as low as 4 mT after a

while of exposure, there appears to be no need to invoke

additional mechanisms in their ancestors. This prompts the

interesting question of whether the avian inclination compass

can adjust to yet weaker magnetic fields and ultimately

reach the limit intensity dictated by the Heisenberg

uncertainty principle.

Our work was supported by the Deutsche Forschungsgemeinschaft
(grant to R.W.). We sincerely thank S. Denzau and D. Gehring for
their valuable help with conducting the experiments. The exper-
iments were performed in accordance with the rules and
regulations of animal welfare in Germany.
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