
gatsby tea talk
may 23, 2014

srini turaga
sturaga@gatsby.ucl.ac.uk

LETTER
doi:10.1038/nature13290

Anthropogenic electromagnetic noise disrupts
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Electromagnetic noise is emitted everywhere humans use electronic
devices. For decades, it has been hotly debated whether man-made elec-
tric and magnetic fields affect biological processes, including human
health1–5. So far, no putative effect of anthropogenic electromagnetic
noise at intensities below the guidelines adopted by the World Health
Organization1,2 has withstood the test of independent replication
under truly blinded experimental conditions. No effect has there-
fore been widely accepted as scientifically proven1–6. Here we show
that migratory birds are unable to use their magnetic compass in the
presence of urban electromagnetic noise. When European robins,
Erithacus rubecula, were exposed to the background electromag-
netic noise present in unscreened wooden huts at the University of
Oldenburg campus, they could not orient using their magnetic com-
pass. Their magnetic orientation capabilities reappeared in electrically
grounded, aluminium-screened huts, which attenuated electromag-
netic noise in the frequency range from 50 kHz to 5 MHz by approx-
imately two orders of magnitude. When the grounding was removed
or when broadband electromagnetic noise was deliberately generated
inside the screened and grounded huts, the birds again lost their mag-
netic orientation capabilities. The disruptive effect of radiofrequency
electromagnetic fields is not confined to a narrow frequency band
and birds tested far from sources of electromagnetic noise required
no screening to orient with their magnetic compass. These fully double-
blinded tests document a reproducible effect of anthropogenic elec-
tromagnetic noise on the behaviour of an intact vertebrate.

For more than 50 years, it has been known that night-migratory song-
birds can use the Earth’s magnetic field to orient spontaneously in their
migratory direction when placed in an orientation cage at night in spring
and autumn7,8. This basic experiment has been independently replicated
many times in various locations9. We were therefore puzzled to find that
night-migratory songbirds tested between autumn 2004 and autumn
2006 in wooden huts on the University of Oldenburg campus (53.1507u
N, 8.1648uE) seemed unable to orient in the appropriate migratory direc-
tion. Typical data for European robins are shown in Fig. 1a.

Noting that Ritz et al.10,11 had reported the sensitivity of European
robins to radiofrequency magnetic fields, in the winter of 2006/2007 we
decided to reduce the electromagnetic noise in our test huts by screen-
ing them with electrically connected and grounded aluminium plates
(Extended Data Fig. 1). The screening left static magnetic fields such as
the Earth’s completely unaffected, but attenuated the electromagnetic
noise inside the huts in the frequency range from about 50 kHz to at least
20 MHz by about two orders of magnitude (Fig. 1c, d and Methods).
The effect on the birds’ orientation capabilities was profound: with the
aluminium screens in place, the birds oriented in their normal migratory
direction the following spring (2007; Fig. 1b) and in subsequent years
(data in references 12–15). When the horizontal component of the static
magnetic field was rotated 120u anticlockwise or when the vertical com-
ponent was inverted, the birds changed their orientation as expected12–15.

These observations suggested that, by chance, we could have discov-
ered a biological system that is sensitive to man-made electromagnetic
noise in the range up to 5 MHz with intensities well below the guide-
lines for human exposure proposed by the International Commission
on Non-Ionizing Radiation Protection (ICNIRP) and adopted by the
World Health Organization1,2.

Any report of an effect of low-frequency electromagnetic fields on a
biological system should be subjected to particular scrutiny for at least
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Figure 1 | Magnetic compass orientation of migratory European robins
tested at the University of Oldenburg requires aluminium screening. In
unscreened wooden huts, European robins were disoriented (a, spring 2005,
n 5 21, mean direction 316u, mean vector length r 5 0.19, P 5 0.48 (Rayleigh
test)), but after installing grounded aluminium screens, the birds oriented
highly significantly towards North in spring (b, spring 2007, n 5 34, mean
direction 356u6 20u (95% confidence interval), r 5 0.59, P , 0.001).
c, d, Anthropogenic electromagnetic noise in the huts before (red) and after
(blue) installation of screens. Traces c and d show the magnetic (B) and electric
(E) components of the measured electromagnetic fields, respectively, as a
function of frequency (f). In a, b, each dot indicates the mean orientation of
all the tests of one individual bird in the given condition. The dots are
colour-coded as in c, d. The arrows show group mean vectors flanked by their
95% confidence interval limits (solid lines). The dashed circles indicate the
minimum length of the group mean vector needed for significance according to
the Rayleigh test (inner circle, P 5 0.05; middle, P 5 0.01; outer, P 5 0.001).
mN, magnetic North.
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• night-migratory song-birds can use Earth’s 
magnetic field to orient spontaneously, when 
placed in an “orientation cage” at night in spring 
and autumn

• BUT night-migratory song-birds tested between 
autumn 2004 and autumn 2006 in wooden huts 
on the University of Oldenburg campus (53.1507° 
N, 8.1648° E) seemed unable to orient

• ?????
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• maybe birds are sensitive to EM noise (anthropogenic 
electromagnetic radiation)???

• at levels “well below the guidelines for human exposure 
proposed by the International Commission on Non-
Ionizing Radiation Protection (ICNIRP) and adopted by 
the World Health Organization”

• BUT
• such claims in the past have often proved difficult to 

reproduce
• animal studies were already used for guidelines
• “seemingly implausible effects require stronger proof”
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experimental setup

european robin orientation cage
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Extended Data Figure 1 | Wooden huts and experimental locations.
a, Photograph of one of the four identical wooden huts used for our
experiments. b, Photograph from the inside of an experimental hut showing the
aluminium screening, parts of the Merritt coil system, and the table on which
the funnels were placed. The insert shows the self-cutting screws used to
connect the aluminium plates. c, Simple map of the city of Oldenburg. Built-up
areas are shown in grey and nature-protected areas in green. Black lines denote

highways, blue denotes water. Red stars: ‘1’ indicates the location of the
University campus and ‘2’ the rural location used for some of the tests.
d, Map of the University of Oldenburg Wechloy Campus. 1, main University
building housing the biology, chemistry, physics and mathematics institutes;
2, botanical greenhouse; 3, iron-free wooden building; 4, the locations of the
four wooden huts used for our experiments; 5, ‘Next Energy’ building.
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N, 8.1648uE) seemed unable to orient in the appropriate migratory direc-
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robins to radiofrequency magnetic fields, in the winter of 2006/2007 we
decided to reduce the electromagnetic noise in our test huts by screen-
ing them with electrically connected and grounded aluminium plates
(Extended Data Fig. 1). The screening left static magnetic fields such as
the Earth’s completely unaffected, but attenuated the electromagnetic
noise inside the huts in the frequency range from about 50 kHz to at least
20 MHz by about two orders of magnitude (Fig. 1c, d and Methods).
The effect on the birds’ orientation capabilities was profound: with the
aluminium screens in place, the birds oriented in their normal migratory
direction the following spring (2007; Fig. 1b) and in subsequent years
(data in references 12–15). When the horizontal component of the static
magnetic field was rotated 120u anticlockwise or when the vertical com-
ponent was inverted, the birds changed their orientation as expected12–15.

These observations suggested that, by chance, we could have discov-
ered a biological system that is sensitive to man-made electromagnetic
noise in the range up to 5 MHz with intensities well below the guide-
lines for human exposure proposed by the International Commission
on Non-Ionizing Radiation Protection (ICNIRP) and adopted by the
World Health Organization1,2.

Any report of an effect of low-frequency electromagnetic fields on a
biological system should be subjected to particular scrutiny for at least
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Figure 1 | Magnetic compass orientation of migratory European robins
tested at the University of Oldenburg requires aluminium screening. In
unscreened wooden huts, European robins were disoriented (a, spring 2005,
n 5 21, mean direction 316u, mean vector length r 5 0.19, P 5 0.48 (Rayleigh
test)), but after installing grounded aluminium screens, the birds oriented
highly significantly towards North in spring (b, spring 2007, n 5 34, mean
direction 356u6 20u (95% confidence interval), r 5 0.59, P , 0.001).
c, d, Anthropogenic electromagnetic noise in the huts before (red) and after
(blue) installation of screens. Traces c and d show the magnetic (B) and electric
(E) components of the measured electromagnetic fields, respectively, as a
function of frequency (f). In a, b, each dot indicates the mean orientation of
all the tests of one individual bird in the given condition. The dots are
colour-coded as in c, d. The arrows show group mean vectors flanked by their
95% confidence interval limits (solid lines). The dashed circles indicate the
minimum length of the group mean vector needed for significance according to
the Rayleigh test (inner circle, P 5 0.05; middle, P 5 0.01; outer, P 5 0.001).
mN, magnetic North.
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Noting that Ritz et al.10,11 had reported the sensitivity of European
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decided to reduce the electromagnetic noise in our test huts by screen-
ing them with electrically connected and grounded aluminium plates
(Extended Data Fig. 1). The screening left static magnetic fields such as
the Earth’s completely unaffected, but attenuated the electromagnetic
noise inside the huts in the frequency range from about 50 kHz to at least
20 MHz by about two orders of magnitude (Fig. 1c, d and Methods).
The effect on the birds’ orientation capabilities was profound: with the
aluminium screens in place, the birds oriented in their normal migratory
direction the following spring (2007; Fig. 1b) and in subsequent years
(data in references 12–15). When the horizontal component of the static
magnetic field was rotated 120u anticlockwise or when the vertical com-
ponent was inverted, the birds changed their orientation as expected12–15.

These observations suggested that, by chance, we could have discov-
ered a biological system that is sensitive to man-made electromagnetic
noise in the range up to 5 MHz with intensities well below the guide-
lines for human exposure proposed by the International Commission
on Non-Ionizing Radiation Protection (ICNIRP) and adopted by the
World Health Organization1,2.
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biological system should be subjected to particular scrutiny for at least

*These authors contributed equally to this work.

1Institut für Biologie und Umweltwissenschaften, Universität Oldenburg, D-26111 Oldenburg, Germany. 2Research Centre for Neurosensory Sciences, University of Oldenburg, D-26111 Oldenburg,
Germany. 3Institute of Physics, University of Oldenburg, D-26111 Oldenburg, Germany. 4Department of Chemistry, University of Oxford, Physical and Theoretical Chemistry Laboratory, Oxford OX1 3QZ,
UK.

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0.001

0.01
0.1

1
10

B
 (n

T)

 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0.001

0.01

0.1

1

E 
(V

 m
–1

)

f (MHz)

f (MHz)

 

a b

d

c

mN mN

Figure 1 | Magnetic compass orientation of migratory European robins
tested at the University of Oldenburg requires aluminium screening. In
unscreened wooden huts, European robins were disoriented (a, spring 2005,
n 5 21, mean direction 316u, mean vector length r 5 0.19, P 5 0.48 (Rayleigh
test)), but after installing grounded aluminium screens, the birds oriented
highly significantly towards North in spring (b, spring 2007, n 5 34, mean
direction 356u6 20u (95% confidence interval), r 5 0.59, P , 0.001).
c, d, Anthropogenic electromagnetic noise in the huts before (red) and after
(blue) installation of screens. Traces c and d show the magnetic (B) and electric
(E) components of the measured electromagnetic fields, respectively, as a
function of frequency (f). In a, b, each dot indicates the mean orientation of
all the tests of one individual bird in the given condition. The dots are
colour-coded as in c, d. The arrows show group mean vectors flanked by their
95% confidence interval limits (solid lines). The dashed circles indicate the
minimum length of the group mean vector needed for significance according to
the Rayleigh test (inner circle, P 5 0.05; middle, P 5 0.01; outer, P 5 0.001).
mN, magnetic North.
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devices. For decades, it has been hotly debated whether man-made elec-
tric and magnetic fields affect biological processes, including human
health1–5. So far, no putative effect of anthropogenic electromagnetic
noise at intensities below the guidelines adopted by the World Health
Organization1,2 has withstood the test of independent replication
under truly blinded experimental conditions. No effect has there-
fore been widely accepted as scientifically proven1–6. Here we show
that migratory birds are unable to use their magnetic compass in the
presence of urban electromagnetic noise. When European robins,
Erithacus rubecula, were exposed to the background electromag-
netic noise present in unscreened wooden huts at the University of
Oldenburg campus, they could not orient using their magnetic com-
pass. Their magnetic orientation capabilities reappeared in electrically
grounded, aluminium-screened huts, which attenuated electromag-
netic noise in the frequency range from 50 kHz to 5 MHz by approx-
imately two orders of magnitude. When the grounding was removed
or when broadband electromagnetic noise was deliberately generated
inside the screened and grounded huts, the birds again lost their mag-
netic orientation capabilities. The disruptive effect of radiofrequency
electromagnetic fields is not confined to a narrow frequency band
and birds tested far from sources of electromagnetic noise required
no screening to orient with their magnetic compass. These fully double-
blinded tests document a reproducible effect of anthropogenic elec-
tromagnetic noise on the behaviour of an intact vertebrate.

For more than 50 years, it has been known that night-migratory song-
birds can use the Earth’s magnetic field to orient spontaneously in their
migratory direction when placed in an orientation cage at night in spring
and autumn7,8. This basic experiment has been independently replicated
many times in various locations9. We were therefore puzzled to find that
night-migratory songbirds tested between autumn 2004 and autumn
2006 in wooden huts on the University of Oldenburg campus (53.1507u
N, 8.1648uE) seemed unable to orient in the appropriate migratory direc-
tion. Typical data for European robins are shown in Fig. 1a.

Noting that Ritz et al.10,11 had reported the sensitivity of European
robins to radiofrequency magnetic fields, in the winter of 2006/2007 we
decided to reduce the electromagnetic noise in our test huts by screen-
ing them with electrically connected and grounded aluminium plates
(Extended Data Fig. 1). The screening left static magnetic fields such as
the Earth’s completely unaffected, but attenuated the electromagnetic
noise inside the huts in the frequency range from about 50 kHz to at least
20 MHz by about two orders of magnitude (Fig. 1c, d and Methods).
The effect on the birds’ orientation capabilities was profound: with the
aluminium screens in place, the birds oriented in their normal migratory
direction the following spring (2007; Fig. 1b) and in subsequent years
(data in references 12–15). When the horizontal component of the static
magnetic field was rotated 120u anticlockwise or when the vertical com-
ponent was inverted, the birds changed their orientation as expected12–15.

These observations suggested that, by chance, we could have discov-
ered a biological system that is sensitive to man-made electromagnetic
noise in the range up to 5 MHz with intensities well below the guide-
lines for human exposure proposed by the International Commission
on Non-Ionizing Radiation Protection (ICNIRP) and adopted by the
World Health Organization1,2.

Any report of an effect of low-frequency electromagnetic fields on a
biological system should be subjected to particular scrutiny for at least
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Figure 1 | Magnetic compass orientation of migratory European robins
tested at the University of Oldenburg requires aluminium screening. In
unscreened wooden huts, European robins were disoriented (a, spring 2005,
n 5 21, mean direction 316u, mean vector length r 5 0.19, P 5 0.48 (Rayleigh
test)), but after installing grounded aluminium screens, the birds oriented
highly significantly towards North in spring (b, spring 2007, n 5 34, mean
direction 356u6 20u (95% confidence interval), r 5 0.59, P , 0.001).
c, d, Anthropogenic electromagnetic noise in the huts before (red) and after
(blue) installation of screens. Traces c and d show the magnetic (B) and electric
(E) components of the measured electromagnetic fields, respectively, as a
function of frequency (f). In a, b, each dot indicates the mean orientation of
all the tests of one individual bird in the given condition. The dots are
colour-coded as in c, d. The arrows show group mean vectors flanked by their
95% confidence interval limits (solid lines). The dashed circles indicate the
minimum length of the group mean vector needed for significance according to
the Rayleigh test (inner circle, P 5 0.05; middle, P 5 0.01; outer, P 5 0.001).
mN, magnetic North.
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imately two orders of magnitude. When the grounding was removed
or when broadband electromagnetic noise was deliberately generated
inside the screened and grounded huts, the birds again lost their mag-
netic orientation capabilities. The disruptive effect of radiofrequency
electromagnetic fields is not confined to a narrow frequency band
and birds tested far from sources of electromagnetic noise required
no screening to orient with their magnetic compass. These fully double-
blinded tests document a reproducible effect of anthropogenic elec-
tromagnetic noise on the behaviour of an intact vertebrate.

For more than 50 years, it has been known that night-migratory song-
birds can use the Earth’s magnetic field to orient spontaneously in their
migratory direction when placed in an orientation cage at night in spring
and autumn7,8. This basic experiment has been independently replicated
many times in various locations9. We were therefore puzzled to find that
night-migratory songbirds tested between autumn 2004 and autumn
2006 in wooden huts on the University of Oldenburg campus (53.1507u
N, 8.1648uE) seemed unable to orient in the appropriate migratory direc-
tion. Typical data for European robins are shown in Fig. 1a.

Noting that Ritz et al.10,11 had reported the sensitivity of European
robins to radiofrequency magnetic fields, in the winter of 2006/2007 we
decided to reduce the electromagnetic noise in our test huts by screen-
ing them with electrically connected and grounded aluminium plates
(Extended Data Fig. 1). The screening left static magnetic fields such as
the Earth’s completely unaffected, but attenuated the electromagnetic
noise inside the huts in the frequency range from about 50 kHz to at least
20 MHz by about two orders of magnitude (Fig. 1c, d and Methods).
The effect on the birds’ orientation capabilities was profound: with the
aluminium screens in place, the birds oriented in their normal migratory
direction the following spring (2007; Fig. 1b) and in subsequent years
(data in references 12–15). When the horizontal component of the static
magnetic field was rotated 120u anticlockwise or when the vertical com-
ponent was inverted, the birds changed their orientation as expected12–15.

These observations suggested that, by chance, we could have discov-
ered a biological system that is sensitive to man-made electromagnetic
noise in the range up to 5 MHz with intensities well below the guide-
lines for human exposure proposed by the International Commission
on Non-Ionizing Radiation Protection (ICNIRP) and adopted by the
World Health Organization1,2.

Any report of an effect of low-frequency electromagnetic fields on a
biological system should be subjected to particular scrutiny for at least
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Figure 1 | Magnetic compass orientation of migratory European robins
tested at the University of Oldenburg requires aluminium screening. In
unscreened wooden huts, European robins were disoriented (a, spring 2005,
n 5 21, mean direction 316u, mean vector length r 5 0.19, P 5 0.48 (Rayleigh
test)), but after installing grounded aluminium screens, the birds oriented
highly significantly towards North in spring (b, spring 2007, n 5 34, mean
direction 356u6 20u (95% confidence interval), r 5 0.59, P , 0.001).
c, d, Anthropogenic electromagnetic noise in the huts before (red) and after
(blue) installation of screens. Traces c and d show the magnetic (B) and electric
(E) components of the measured electromagnetic fields, respectively, as a
function of frequency (f). In a, b, each dot indicates the mean orientation of
all the tests of one individual bird in the given condition. The dots are
colour-coded as in c, d. The arrows show group mean vectors flanked by their
95% confidence interval limits (solid lines). The dashed circles indicate the
minimum length of the group mean vector needed for significance according to
the Rayleigh test (inner circle, P 5 0.05; middle, P 5 0.01; outer, P 5 0.001).
mN, magnetic North.
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three reasons. First, such claims in the past have often proved difficult to
reproduce1–6. Second, animal studies are commonly used to evaluate human
health risks and have contributed to guidelines for human exposures1–4.
Third, ‘‘seemingly implausible effects require stronger proof’’16.

Therefore, we systematically conducted a large number of double-blind
experiments over the last 7 years to test whether the restored orientation
inside the aluminium-screened buildings was really attributable to the
reduced exposure to anthropogenic electromagnetic noise. To ensure
that our results were reliable, different generations of students indepen-
dently replicated several key measurements. We also consulted with lead-
ing experts to ensure that we very carefully measured the electromagnetic
fields experienced by the birds in each of the experimental conditions
described below. Electromagnetic fields have magnetic and electric com-
ponents, and, especially in the so-called ‘near-field’ (within a few wave-
lengths of the source), they must be measured separately.

First, we measured that the aluminium shielding lost its ability to screen
anthropogenic electromagnetic noise when the grounding was discon-
nected (Fig. 2e, f). We therefore performed a series of experiments in
which we tested a group of birds alternately in two different, aluminium-
screened, wooden huts; one grounded and one left ungrounded. The
experimenters were unaware which hut was which. The results were
striking: on the days when the birds were tested in a grounded hut, they
oriented in their mean northerly migratory direction as expected in
spring (Fig. 2a, c). By contrast, the same birds were randomly oriented
on the days when they were tested in an ungrounded hut (Fig. 2b, d).
Thus, we could control the orientation of the birds inside the huts by
connecting or disconnecting the grounding of the aluminium screens
(Fig. 2).

Second, we assessed whether the electromagnetic noise was directly
responsible for the disorientation. The birds were tested in the grounded
aluminium-screened huts in which they normally orient very well (Figs 1b,
2a, c and data in references 12–15). The birds became disoriented (Fig. 3a)

when we introduced broadband electromagnetic noise ranging from
2 kHz up to ca. 9 MHz (Fig. 3d, e and Extended Data Fig. 2) into the huts
at magnetic field intensities similar to those measured for the background
anthropogenic noise (Fig. 1c). To make sure that the observed effect was
not simply due to the presence of the signal generator and associated
electronics, we repeated these tests under identical conditions but with
the output of the signal generator reduced to the lowest possible ampli-
tude (Fig. 3d, e and Extended Data Fig. 2). In this condition, the birds
oriented in their migratory direction in spring (Fig. 3b) and reoriented
appropriately when the static magnetic field was rotated 120u anticlock-
wise (Fig. 3c). Thus, the disorientation appears to be caused by the elec-
tromagnetic noise, and not by the mere presence of the electronics.

Third, we assessed whether the effects are limited to a specific part of
the radiofrequency spectrum. To answer this question, we tested Euro-
pean robins inside the grounded, aluminium-screened huts and in the
presence of deliberately introduced broadband electromagnetic noise
either in the frequency range from ca. 20 kHz to 450 kHz or from ca.
600 kHz to 3 MHz (Fig. 4f, g and Extended Data Fig. 2). As a control, we
tested the same birds exposed to very-low-amplitude broadband noise
ranging from ca. 2 kHz to 9 MHz (Figs 3d, e, 4f, g and Extended Data
Fig. 2) in which we had observed that the birds could orient (Fig. 3b, c).
As expected, the control birds again oriented appropriately (Fig. 4d, e).
By contrast, broadband electromagnetic noise in both of the above non-
overlapping frequency bands prevented the birds from orienting using
their magnetic compass (Fig. 4a–c). Thus, the effects are not limited to
one specific frequency or to one part of the radiofrequency spectrum.

The peak magnetic field intensity of the anthropogenic electromag-
netic noise at any single frequency measured on typical days around the
University of Oldenburg is on the order of 0.1–50 nT. The total time-
dependent magnetic field, summed over the frequency range 10 kHz–
5 MHz, is much stronger (on the order of at most 200–1,100 nT, see
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Figure 2 | Connecting and disconnecting the grounding of the screens turns
on and off the birds’ magnetic compass orientation capabilities. When the
screens were grounded, European robins oriented significantly in their
migratory direction (a, spring 2008, n 5 16, mean direction 341u6 40u,
r 5 0.45, P 5 0.04), whereas they were randomly oriented when the grounding
was disconnected (b, spring 2008, n 5 16, mean direction 230u, r 5 0.22,
P 5 0.47). In another set of identical tests, this pattern repeated itself
(c, grounded screens, spring 2008, n 5 15, mean direction 348u6 41u, r 5 0.48,
P 5 0.03; d, grounding disconnected, spring 2008, n 5 14, mean direction 290u,
r 5 0.12, P 5 0.82). e, f, Magnetic and electric field intensities, respectively,
as a function of frequency when the screens were grounded (blue) or
ungrounded (red).
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Figure 3 | Artificially produced broadband electromagnetic noise disrupts
the magnetic compass orientation of birds tested inside the grounded
aluminium-screened huts. Broadband, noise-modulated, electromagnetic
fields between 2 kHz and 5 MHz (red traces in d, e and Extended Data Fig. 2)
added inside the grounded screens resulted in disorientation of the birds
(a, autumn 2010, n 5 22, mean direction 278u, r 5 0.07, P 5 0.91). When the
same equipment sent out the weakest possible broadband electromagnetic
noise (blue traces in d, e and Extended Data Fig. 2), the birds oriented
significantly towards North (b, spring 2011, n 5 30, mean direction 354u6 38u,
r 5 0.39, P 5 0.009) and turned their orientation appropriately when the static
magnetic field was rotated 2120u (c, spring 2011, mN at 240u, n 5 27, mean
direction 253u6 38u, r 5 0.41, P 5 0.008). d, Magnetic field intensity. e, Electric
field intensity.
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three reasons. First, such claims in the past have often proved difficult to
reproduce1–6. Second, animal studies are commonly used to evaluate human
health risks and have contributed to guidelines for human exposures1–4.
Third, ‘‘seemingly implausible effects require stronger proof’’16.

Therefore, we systematically conducted a large number of double-blind
experiments over the last 7 years to test whether the restored orientation
inside the aluminium-screened buildings was really attributable to the
reduced exposure to anthropogenic electromagnetic noise. To ensure
that our results were reliable, different generations of students indepen-
dently replicated several key measurements. We also consulted with lead-
ing experts to ensure that we very carefully measured the electromagnetic
fields experienced by the birds in each of the experimental conditions
described below. Electromagnetic fields have magnetic and electric com-
ponents, and, especially in the so-called ‘near-field’ (within a few wave-
lengths of the source), they must be measured separately.

First, we measured that the aluminium shielding lost its ability to screen
anthropogenic electromagnetic noise when the grounding was discon-
nected (Fig. 2e, f). We therefore performed a series of experiments in
which we tested a group of birds alternately in two different, aluminium-
screened, wooden huts; one grounded and one left ungrounded. The
experimenters were unaware which hut was which. The results were
striking: on the days when the birds were tested in a grounded hut, they
oriented in their mean northerly migratory direction as expected in
spring (Fig. 2a, c). By contrast, the same birds were randomly oriented
on the days when they were tested in an ungrounded hut (Fig. 2b, d).
Thus, we could control the orientation of the birds inside the huts by
connecting or disconnecting the grounding of the aluminium screens
(Fig. 2).

Second, we assessed whether the electromagnetic noise was directly
responsible for the disorientation. The birds were tested in the grounded
aluminium-screened huts in which they normally orient very well (Figs 1b,
2a, c and data in references 12–15). The birds became disoriented (Fig. 3a)

when we introduced broadband electromagnetic noise ranging from
2 kHz up to ca. 9 MHz (Fig. 3d, e and Extended Data Fig. 2) into the huts
at magnetic field intensities similar to those measured for the background
anthropogenic noise (Fig. 1c). To make sure that the observed effect was
not simply due to the presence of the signal generator and associated
electronics, we repeated these tests under identical conditions but with
the output of the signal generator reduced to the lowest possible ampli-
tude (Fig. 3d, e and Extended Data Fig. 2). In this condition, the birds
oriented in their migratory direction in spring (Fig. 3b) and reoriented
appropriately when the static magnetic field was rotated 120u anticlock-
wise (Fig. 3c). Thus, the disorientation appears to be caused by the elec-
tromagnetic noise, and not by the mere presence of the electronics.

Third, we assessed whether the effects are limited to a specific part of
the radiofrequency spectrum. To answer this question, we tested Euro-
pean robins inside the grounded, aluminium-screened huts and in the
presence of deliberately introduced broadband electromagnetic noise
either in the frequency range from ca. 20 kHz to 450 kHz or from ca.
600 kHz to 3 MHz (Fig. 4f, g and Extended Data Fig. 2). As a control, we
tested the same birds exposed to very-low-amplitude broadband noise
ranging from ca. 2 kHz to 9 MHz (Figs 3d, e, 4f, g and Extended Data
Fig. 2) in which we had observed that the birds could orient (Fig. 3b, c).
As expected, the control birds again oriented appropriately (Fig. 4d, e).
By contrast, broadband electromagnetic noise in both of the above non-
overlapping frequency bands prevented the birds from orienting using
their magnetic compass (Fig. 4a–c). Thus, the effects are not limited to
one specific frequency or to one part of the radiofrequency spectrum.

The peak magnetic field intensity of the anthropogenic electromag-
netic noise at any single frequency measured on typical days around the
University of Oldenburg is on the order of 0.1–50 nT. The total time-
dependent magnetic field, summed over the frequency range 10 kHz–
5 MHz, is much stronger (on the order of at most 200–1,100 nT, see
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Figure 2 | Connecting and disconnecting the grounding of the screens turns
on and off the birds’ magnetic compass orientation capabilities. When the
screens were grounded, European robins oriented significantly in their
migratory direction (a, spring 2008, n 5 16, mean direction 341u6 40u,
r 5 0.45, P 5 0.04), whereas they were randomly oriented when the grounding
was disconnected (b, spring 2008, n 5 16, mean direction 230u, r 5 0.22,
P 5 0.47). In another set of identical tests, this pattern repeated itself
(c, grounded screens, spring 2008, n 5 15, mean direction 348u6 41u, r 5 0.48,
P 5 0.03; d, grounding disconnected, spring 2008, n 5 14, mean direction 290u,
r 5 0.12, P 5 0.82). e, f, Magnetic and electric field intensities, respectively,
as a function of frequency when the screens were grounded (blue) or
ungrounded (red).
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Figure 3 | Artificially produced broadband electromagnetic noise disrupts
the magnetic compass orientation of birds tested inside the grounded
aluminium-screened huts. Broadband, noise-modulated, electromagnetic
fields between 2 kHz and 5 MHz (red traces in d, e and Extended Data Fig. 2)
added inside the grounded screens resulted in disorientation of the birds
(a, autumn 2010, n 5 22, mean direction 278u, r 5 0.07, P 5 0.91). When the
same equipment sent out the weakest possible broadband electromagnetic
noise (blue traces in d, e and Extended Data Fig. 2), the birds oriented
significantly towards North (b, spring 2011, n 5 30, mean direction 354u6 38u,
r 5 0.39, P 5 0.009) and turned their orientation appropriately when the static
magnetic field was rotated 2120u (c, spring 2011, mN at 240u, n 5 27, mean
direction 253u6 38u, r 5 0.41, P 5 0.008). d, Magnetic field intensity. e, Electric
field intensity.

RESEARCH LETTER

3 5 4 | N A T U R E | V O L 5 0 9 | 1 5 M A Y 2 0 1 4

Macmillan Publishers Limited. All rights reserved©2014
Friday, May 23, 14



three reasons. First, such claims in the past have often proved difficult to
reproduce1–6. Second, animal studies are commonly used to evaluate human
health risks and have contributed to guidelines for human exposures1–4.
Third, ‘‘seemingly implausible effects require stronger proof’’16.

Therefore, we systematically conducted a large number of double-blind
experiments over the last 7 years to test whether the restored orientation
inside the aluminium-screened buildings was really attributable to the
reduced exposure to anthropogenic electromagnetic noise. To ensure
that our results were reliable, different generations of students indepen-
dently replicated several key measurements. We also consulted with lead-
ing experts to ensure that we very carefully measured the electromagnetic
fields experienced by the birds in each of the experimental conditions
described below. Electromagnetic fields have magnetic and electric com-
ponents, and, especially in the so-called ‘near-field’ (within a few wave-
lengths of the source), they must be measured separately.

First, we measured that the aluminium shielding lost its ability to screen
anthropogenic electromagnetic noise when the grounding was discon-
nected (Fig. 2e, f). We therefore performed a series of experiments in
which we tested a group of birds alternately in two different, aluminium-
screened, wooden huts; one grounded and one left ungrounded. The
experimenters were unaware which hut was which. The results were
striking: on the days when the birds were tested in a grounded hut, they
oriented in their mean northerly migratory direction as expected in
spring (Fig. 2a, c). By contrast, the same birds were randomly oriented
on the days when they were tested in an ungrounded hut (Fig. 2b, d).
Thus, we could control the orientation of the birds inside the huts by
connecting or disconnecting the grounding of the aluminium screens
(Fig. 2).

Second, we assessed whether the electromagnetic noise was directly
responsible for the disorientation. The birds were tested in the grounded
aluminium-screened huts in which they normally orient very well (Figs 1b,
2a, c and data in references 12–15). The birds became disoriented (Fig. 3a)

when we introduced broadband electromagnetic noise ranging from
2 kHz up to ca. 9 MHz (Fig. 3d, e and Extended Data Fig. 2) into the huts
at magnetic field intensities similar to those measured for the background
anthropogenic noise (Fig. 1c). To make sure that the observed effect was
not simply due to the presence of the signal generator and associated
electronics, we repeated these tests under identical conditions but with
the output of the signal generator reduced to the lowest possible ampli-
tude (Fig. 3d, e and Extended Data Fig. 2). In this condition, the birds
oriented in their migratory direction in spring (Fig. 3b) and reoriented
appropriately when the static magnetic field was rotated 120u anticlock-
wise (Fig. 3c). Thus, the disorientation appears to be caused by the elec-
tromagnetic noise, and not by the mere presence of the electronics.

Third, we assessed whether the effects are limited to a specific part of
the radiofrequency spectrum. To answer this question, we tested Euro-
pean robins inside the grounded, aluminium-screened huts and in the
presence of deliberately introduced broadband electromagnetic noise
either in the frequency range from ca. 20 kHz to 450 kHz or from ca.
600 kHz to 3 MHz (Fig. 4f, g and Extended Data Fig. 2). As a control, we
tested the same birds exposed to very-low-amplitude broadband noise
ranging from ca. 2 kHz to 9 MHz (Figs 3d, e, 4f, g and Extended Data
Fig. 2) in which we had observed that the birds could orient (Fig. 3b, c).
As expected, the control birds again oriented appropriately (Fig. 4d, e).
By contrast, broadband electromagnetic noise in both of the above non-
overlapping frequency bands prevented the birds from orienting using
their magnetic compass (Fig. 4a–c). Thus, the effects are not limited to
one specific frequency or to one part of the radiofrequency spectrum.

The peak magnetic field intensity of the anthropogenic electromag-
netic noise at any single frequency measured on typical days around the
University of Oldenburg is on the order of 0.1–50 nT. The total time-
dependent magnetic field, summed over the frequency range 10 kHz–
5 MHz, is much stronger (on the order of at most 200–1,100 nT, see
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Figure 2 | Connecting and disconnecting the grounding of the screens turns
on and off the birds’ magnetic compass orientation capabilities. When the
screens were grounded, European robins oriented significantly in their
migratory direction (a, spring 2008, n 5 16, mean direction 341u6 40u,
r 5 0.45, P 5 0.04), whereas they were randomly oriented when the grounding
was disconnected (b, spring 2008, n 5 16, mean direction 230u, r 5 0.22,
P 5 0.47). In another set of identical tests, this pattern repeated itself
(c, grounded screens, spring 2008, n 5 15, mean direction 348u6 41u, r 5 0.48,
P 5 0.03; d, grounding disconnected, spring 2008, n 5 14, mean direction 290u,
r 5 0.12, P 5 0.82). e, f, Magnetic and electric field intensities, respectively,
as a function of frequency when the screens were grounded (blue) or
ungrounded (red).
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Figure 3 | Artificially produced broadband electromagnetic noise disrupts
the magnetic compass orientation of birds tested inside the grounded
aluminium-screened huts. Broadband, noise-modulated, electromagnetic
fields between 2 kHz and 5 MHz (red traces in d, e and Extended Data Fig. 2)
added inside the grounded screens resulted in disorientation of the birds
(a, autumn 2010, n 5 22, mean direction 278u, r 5 0.07, P 5 0.91). When the
same equipment sent out the weakest possible broadband electromagnetic
noise (blue traces in d, e and Extended Data Fig. 2), the birds oriented
significantly towards North (b, spring 2011, n 5 30, mean direction 354u6 38u,
r 5 0.39, P 5 0.009) and turned their orientation appropriately when the static
magnetic field was rotated 2120u (c, spring 2011, mN at 240u, n 5 27, mean
direction 253u6 38u, r 5 0.41, P 5 0.008). d, Magnetic field intensity. e, Electric
field intensity.
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three reasons. First, such claims in the past have often proved difficult to
reproduce1–6. Second, animal studies are commonly used to evaluate human
health risks and have contributed to guidelines for human exposures1–4.
Third, ‘‘seemingly implausible effects require stronger proof’’16.

Therefore, we systematically conducted a large number of double-blind
experiments over the last 7 years to test whether the restored orientation
inside the aluminium-screened buildings was really attributable to the
reduced exposure to anthropogenic electromagnetic noise. To ensure
that our results were reliable, different generations of students indepen-
dently replicated several key measurements. We also consulted with lead-
ing experts to ensure that we very carefully measured the electromagnetic
fields experienced by the birds in each of the experimental conditions
described below. Electromagnetic fields have magnetic and electric com-
ponents, and, especially in the so-called ‘near-field’ (within a few wave-
lengths of the source), they must be measured separately.

First, we measured that the aluminium shielding lost its ability to screen
anthropogenic electromagnetic noise when the grounding was discon-
nected (Fig. 2e, f). We therefore performed a series of experiments in
which we tested a group of birds alternately in two different, aluminium-
screened, wooden huts; one grounded and one left ungrounded. The
experimenters were unaware which hut was which. The results were
striking: on the days when the birds were tested in a grounded hut, they
oriented in their mean northerly migratory direction as expected in
spring (Fig. 2a, c). By contrast, the same birds were randomly oriented
on the days when they were tested in an ungrounded hut (Fig. 2b, d).
Thus, we could control the orientation of the birds inside the huts by
connecting or disconnecting the grounding of the aluminium screens
(Fig. 2).

Second, we assessed whether the electromagnetic noise was directly
responsible for the disorientation. The birds were tested in the grounded
aluminium-screened huts in which they normally orient very well (Figs 1b,
2a, c and data in references 12–15). The birds became disoriented (Fig. 3a)

when we introduced broadband electromagnetic noise ranging from
2 kHz up to ca. 9 MHz (Fig. 3d, e and Extended Data Fig. 2) into the huts
at magnetic field intensities similar to those measured for the background
anthropogenic noise (Fig. 1c). To make sure that the observed effect was
not simply due to the presence of the signal generator and associated
electronics, we repeated these tests under identical conditions but with
the output of the signal generator reduced to the lowest possible ampli-
tude (Fig. 3d, e and Extended Data Fig. 2). In this condition, the birds
oriented in their migratory direction in spring (Fig. 3b) and reoriented
appropriately when the static magnetic field was rotated 120u anticlock-
wise (Fig. 3c). Thus, the disorientation appears to be caused by the elec-
tromagnetic noise, and not by the mere presence of the electronics.

Third, we assessed whether the effects are limited to a specific part of
the radiofrequency spectrum. To answer this question, we tested Euro-
pean robins inside the grounded, aluminium-screened huts and in the
presence of deliberately introduced broadband electromagnetic noise
either in the frequency range from ca. 20 kHz to 450 kHz or from ca.
600 kHz to 3 MHz (Fig. 4f, g and Extended Data Fig. 2). As a control, we
tested the same birds exposed to very-low-amplitude broadband noise
ranging from ca. 2 kHz to 9 MHz (Figs 3d, e, 4f, g and Extended Data
Fig. 2) in which we had observed that the birds could orient (Fig. 3b, c).
As expected, the control birds again oriented appropriately (Fig. 4d, e).
By contrast, broadband electromagnetic noise in both of the above non-
overlapping frequency bands prevented the birds from orienting using
their magnetic compass (Fig. 4a–c). Thus, the effects are not limited to
one specific frequency or to one part of the radiofrequency spectrum.

The peak magnetic field intensity of the anthropogenic electromag-
netic noise at any single frequency measured on typical days around the
University of Oldenburg is on the order of 0.1–50 nT. The total time-
dependent magnetic field, summed over the frequency range 10 kHz–
5 MHz, is much stronger (on the order of at most 200–1,100 nT, see
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Figure 2 | Connecting and disconnecting the grounding of the screens turns
on and off the birds’ magnetic compass orientation capabilities. When the
screens were grounded, European robins oriented significantly in their
migratory direction (a, spring 2008, n 5 16, mean direction 341u6 40u,
r 5 0.45, P 5 0.04), whereas they were randomly oriented when the grounding
was disconnected (b, spring 2008, n 5 16, mean direction 230u, r 5 0.22,
P 5 0.47). In another set of identical tests, this pattern repeated itself
(c, grounded screens, spring 2008, n 5 15, mean direction 348u6 41u, r 5 0.48,
P 5 0.03; d, grounding disconnected, spring 2008, n 5 14, mean direction 290u,
r 5 0.12, P 5 0.82). e, f, Magnetic and electric field intensities, respectively,
as a function of frequency when the screens were grounded (blue) or
ungrounded (red).
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Figure 3 | Artificially produced broadband electromagnetic noise disrupts
the magnetic compass orientation of birds tested inside the grounded
aluminium-screened huts. Broadband, noise-modulated, electromagnetic
fields between 2 kHz and 5 MHz (red traces in d, e and Extended Data Fig. 2)
added inside the grounded screens resulted in disorientation of the birds
(a, autumn 2010, n 5 22, mean direction 278u, r 5 0.07, P 5 0.91). When the
same equipment sent out the weakest possible broadband electromagnetic
noise (blue traces in d, e and Extended Data Fig. 2), the birds oriented
significantly towards North (b, spring 2011, n 5 30, mean direction 354u6 38u,
r 5 0.39, P 5 0.009) and turned their orientation appropriately when the static
magnetic field was rotated 2120u (c, spring 2011, mN at 240u, n 5 27, mean
direction 253u6 38u, r 5 0.41, P 5 0.008). d, Magnetic field intensity. e, Electric
field intensity.
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Extended Data Table 1), but still much weaker than the Earth’s mag-
netic field (ca. 49,000 nT in Oldenburg). Ritz et al.11 reported that the
magnetic orientation capabilities of European robins in Frankfurt were
disabled by highly directional, monochromatic radiofrequency fields with
magnetic field intensities of 15 nT or more, but not at 5 nT under other-
wise identical conditions. Their birds were only disoriented at magnetic
intensities below ca. 100 nT when the radiofrequency matched the electron
Larmor frequency (1.315 MHz in Frankfurt; 1.363 MHz in Oldenburg),
that is, the resonance frequency of the spin of a free electron interacting
with the Earth’s magnetic field. Electromagnetic fields similar to those
used by Ritz et al.10,11 never occur in natural or urban environments. The
anthropogenic electromagnetic noise birds and other living beings expe-
rience is not monochromatic, nor is it spatially or temporally coherent
(Fig. 1c, d). It has rapidly varying phases and directions and many dif-
ferent frequencies are present simultaneously. The electromagnetic noise
we investigated is therefore fundamentally different from the conditions
used previously11. Furthermore, our birds were never exposed to mag-
netic fields stronger than 1 nT at 1.315 MHz or 1.363 MHz (Figs 1–5),
and two non-overlapping frequency ranges interfere with the birds’ abil-
ity to use their magnetic compass (Fig. 4). Thus, the disruptive effect on

orientation is not limited to a specific resonance frequency. It is caused
by electromagnetic fields covering a much broader frequency range and
at a much lower intensity (ca. 1 nT at any single frequency) than sug-
gested previously10,11. Most importantly, broadband anthropogenic elec-
tromagnetic noise omnipresent in industrialized environments can lead
to disorientation. These results have several important implications.

First, the present results could have significant consequences for migra-
tory bird conservation. Magnetic compass information is sensed by night-
migratory songbirds on the ground and in free flight17,18, which mostly
takes place at altitudes below 1,000 m (ref. 19). So, if anthropogenic elec-
tromagnetic fields prevent migratory songbirds from using their mag-
netic compass, their chances of surviving the migratory journey might
be significantly reduced, in particular during periods of overcast weather
when sun and star compass information is unavailable. Night-migratory
songbird populations are declining rapidly20, and anthropogenic elec-
tromagnetic noise could be a previously neglected contributory factor.
Nevertheless, billions of migratory birds do find their way every year.
It is therefore pertinent to ask, how localized is the disorienting effect
of man-made electromagnetic noise?

We therefore compared the orientation of our robins in the unscreened
huts at the University site (Figs 1a and 5a) with their orientation in an
unscreened wooden shelter located ca. 7.5 km from the University and
ca. 1 km outside the Oldenburg city limit, where the anthropogenic elec-
tromagnetic noise was much weaker (Fig. 5c, d) and similar in intensity
to the electromagnetic noise remaining inside the grounded aluminium-
screened huts (Fig. 1c, d, blue trace). In the rural setting, the birds could
orient using their magnetic compass in the absence of screening (Fig. 5b).
Thus, the disruptive effect of anthropogenic electromagnetic noise on
the birds’ orientation capabilities appears to be restricted to urban loca-
tions where there is typically a high usage of electronic devices. There-
fore, the effect on wild birds is probably also quite localized.

Second, the results presented here are likely to provide key insights
into the mechanism either of the magnetic compass sense21–29 or of some
important process that interferes with the birds’ orientation behaviour.
The biophysical mechanism that would allow such extraordinarily weak,
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Figure 4 | The disruptive effect of broadband electromagnetic noise on
magnetic compass orientation is not limited to a single narrow frequency
range. Addition of broadband, noise-modulated, electromagnetic fields
between ca. 20 kHz and 450 kHz (green traces in f, g) inside the grounded
screens resulted in disorientation of the birds in the normal field (a, autumn
2011, n 5 31, mean direction 306u, r 5 0.24, P 5 0.17) and in a field turned
2120u horizontally (b, autumn 2011, n 5 27, mean direction 235u, r 5 0.03,
P 5 0.96). Broadband fields between ca. 600 kHz and 3 MHz (black traces in
f, g) also disoriented the birds (c, autumn 2011, n 5 30, mean direction 108u,
r 5 0.11, P 5 0.70). When the same equipment sent out the weakest possible
broadband electromagnetic noise (blue traces in f, g), the birds showed
appropriately directed magnetic compass orientation (d, autumn 2011, n 5 27,
mean direction 258u6 37u, r 5 0.42, P 5 0.008), and responded to a 2120u
horizontal rotation of the static field (e, autumn 2011, n 5 26, mean direction
107u6 32u, r 5 0.51, P , 0.001). For comparison, the red traces in f, g show
the intensity of the strong 2 kHz–9 MHz broadband noise used for the
experiments presented in Fig. 3. f, Magnetic field intensity. g, Electric
field intensity.
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Figure 5 | In a rural location, European robins show magnetic compass
orientation without screening. a, Orientation at the University campus
(same data as in Fig. 1a). b, Orientation at a rural location (spring 2011, n 5 28,
mean direction 342u6 32u, r 5 0.47, P 5 0.002) where the anthropogenic
electromagnetic noise was much weaker (blue traces in c, d) than at the
University (red traces in c, d). c, Magnetic field intensity. d, Electric
field intensity.
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Extended Data Table 1), but still much weaker than the Earth’s mag-
netic field (ca. 49,000 nT in Oldenburg). Ritz et al.11 reported that the
magnetic orientation capabilities of European robins in Frankfurt were
disabled by highly directional, monochromatic radiofrequency fields with
magnetic field intensities of 15 nT or more, but not at 5 nT under other-
wise identical conditions. Their birds were only disoriented at magnetic
intensities below ca. 100 nT when the radiofrequency matched the electron
Larmor frequency (1.315 MHz in Frankfurt; 1.363 MHz in Oldenburg),
that is, the resonance frequency of the spin of a free electron interacting
with the Earth’s magnetic field. Electromagnetic fields similar to those
used by Ritz et al.10,11 never occur in natural or urban environments. The
anthropogenic electromagnetic noise birds and other living beings expe-
rience is not monochromatic, nor is it spatially or temporally coherent
(Fig. 1c, d). It has rapidly varying phases and directions and many dif-
ferent frequencies are present simultaneously. The electromagnetic noise
we investigated is therefore fundamentally different from the conditions
used previously11. Furthermore, our birds were never exposed to mag-
netic fields stronger than 1 nT at 1.315 MHz or 1.363 MHz (Figs 1–5),
and two non-overlapping frequency ranges interfere with the birds’ abil-
ity to use their magnetic compass (Fig. 4). Thus, the disruptive effect on
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by electromagnetic fields covering a much broader frequency range and
at a much lower intensity (ca. 1 nT at any single frequency) than sug-
gested previously10,11. Most importantly, broadband anthropogenic elec-
tromagnetic noise omnipresent in industrialized environments can lead
to disorientation. These results have several important implications.

First, the present results could have significant consequences for migra-
tory bird conservation. Magnetic compass information is sensed by night-
migratory songbirds on the ground and in free flight17,18, which mostly
takes place at altitudes below 1,000 m (ref. 19). So, if anthropogenic elec-
tromagnetic fields prevent migratory songbirds from using their mag-
netic compass, their chances of surviving the migratory journey might
be significantly reduced, in particular during periods of overcast weather
when sun and star compass information is unavailable. Night-migratory
songbird populations are declining rapidly20, and anthropogenic elec-
tromagnetic noise could be a previously neglected contributory factor.
Nevertheless, billions of migratory birds do find their way every year.
It is therefore pertinent to ask, how localized is the disorienting effect
of man-made electromagnetic noise?

We therefore compared the orientation of our robins in the unscreened
huts at the University site (Figs 1a and 5a) with their orientation in an
unscreened wooden shelter located ca. 7.5 km from the University and
ca. 1 km outside the Oldenburg city limit, where the anthropogenic elec-
tromagnetic noise was much weaker (Fig. 5c, d) and similar in intensity
to the electromagnetic noise remaining inside the grounded aluminium-
screened huts (Fig. 1c, d, blue trace). In the rural setting, the birds could
orient using their magnetic compass in the absence of screening (Fig. 5b).
Thus, the disruptive effect of anthropogenic electromagnetic noise on
the birds’ orientation capabilities appears to be restricted to urban loca-
tions where there is typically a high usage of electronic devices. There-
fore, the effect on wild birds is probably also quite localized.

Second, the results presented here are likely to provide key insights
into the mechanism either of the magnetic compass sense21–29 or of some
important process that interferes with the birds’ orientation behaviour.
The biophysical mechanism that would allow such extraordinarily weak,
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range. Addition of broadband, noise-modulated, electromagnetic fields
between ca. 20 kHz and 450 kHz (green traces in f, g) inside the grounded
screens resulted in disorientation of the birds in the normal field (a, autumn
2011, n 5 31, mean direction 306u, r 5 0.24, P 5 0.17) and in a field turned
2120u horizontally (b, autumn 2011, n 5 27, mean direction 235u, r 5 0.03,
P 5 0.96). Broadband fields between ca. 600 kHz and 3 MHz (black traces in
f, g) also disoriented the birds (c, autumn 2011, n 5 30, mean direction 108u,
r 5 0.11, P 5 0.70). When the same equipment sent out the weakest possible
broadband electromagnetic noise (blue traces in f, g), the birds showed
appropriately directed magnetic compass orientation (d, autumn 2011, n 5 27,
mean direction 258u6 37u, r 5 0.42, P 5 0.008), and responded to a 2120u
horizontal rotation of the static field (e, autumn 2011, n 5 26, mean direction
107u6 32u, r 5 0.51, P , 0.001). For comparison, the red traces in f, g show
the intensity of the strong 2 kHz–9 MHz broadband noise used for the
experiments presented in Fig. 3. f, Magnetic field intensity. g, Electric
field intensity.
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Extended Data Table 1), but still much weaker than the Earth’s mag-
netic field (ca. 49,000 nT in Oldenburg). Ritz et al.11 reported that the
magnetic orientation capabilities of European robins in Frankfurt were
disabled by highly directional, monochromatic radiofrequency fields with
magnetic field intensities of 15 nT or more, but not at 5 nT under other-
wise identical conditions. Their birds were only disoriented at magnetic
intensities below ca. 100 nT when the radiofrequency matched the electron
Larmor frequency (1.315 MHz in Frankfurt; 1.363 MHz in Oldenburg),
that is, the resonance frequency of the spin of a free electron interacting
with the Earth’s magnetic field. Electromagnetic fields similar to those
used by Ritz et al.10,11 never occur in natural or urban environments. The
anthropogenic electromagnetic noise birds and other living beings expe-
rience is not monochromatic, nor is it spatially or temporally coherent
(Fig. 1c, d). It has rapidly varying phases and directions and many dif-
ferent frequencies are present simultaneously. The electromagnetic noise
we investigated is therefore fundamentally different from the conditions
used previously11. Furthermore, our birds were never exposed to mag-
netic fields stronger than 1 nT at 1.315 MHz or 1.363 MHz (Figs 1–5),
and two non-overlapping frequency ranges interfere with the birds’ abil-
ity to use their magnetic compass (Fig. 4). Thus, the disruptive effect on

orientation is not limited to a specific resonance frequency. It is caused
by electromagnetic fields covering a much broader frequency range and
at a much lower intensity (ca. 1 nT at any single frequency) than sug-
gested previously10,11. Most importantly, broadband anthropogenic elec-
tromagnetic noise omnipresent in industrialized environments can lead
to disorientation. These results have several important implications.

First, the present results could have significant consequences for migra-
tory bird conservation. Magnetic compass information is sensed by night-
migratory songbirds on the ground and in free flight17,18, which mostly
takes place at altitudes below 1,000 m (ref. 19). So, if anthropogenic elec-
tromagnetic fields prevent migratory songbirds from using their mag-
netic compass, their chances of surviving the migratory journey might
be significantly reduced, in particular during periods of overcast weather
when sun and star compass information is unavailable. Night-migratory
songbird populations are declining rapidly20, and anthropogenic elec-
tromagnetic noise could be a previously neglected contributory factor.
Nevertheless, billions of migratory birds do find their way every year.
It is therefore pertinent to ask, how localized is the disorienting effect
of man-made electromagnetic noise?

We therefore compared the orientation of our robins in the unscreened
huts at the University site (Figs 1a and 5a) with their orientation in an
unscreened wooden shelter located ca. 7.5 km from the University and
ca. 1 km outside the Oldenburg city limit, where the anthropogenic elec-
tromagnetic noise was much weaker (Fig. 5c, d) and similar in intensity
to the electromagnetic noise remaining inside the grounded aluminium-
screened huts (Fig. 1c, d, blue trace). In the rural setting, the birds could
orient using their magnetic compass in the absence of screening (Fig. 5b).
Thus, the disruptive effect of anthropogenic electromagnetic noise on
the birds’ orientation capabilities appears to be restricted to urban loca-
tions where there is typically a high usage of electronic devices. There-
fore, the effect on wild birds is probably also quite localized.

Second, the results presented here are likely to provide key insights
into the mechanism either of the magnetic compass sense21–29 or of some
important process that interferes with the birds’ orientation behaviour.
The biophysical mechanism that would allow such extraordinarily weak,
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magnetic compass orientation is not limited to a single narrow frequency
range. Addition of broadband, noise-modulated, electromagnetic fields
between ca. 20 kHz and 450 kHz (green traces in f, g) inside the grounded
screens resulted in disorientation of the birds in the normal field (a, autumn
2011, n 5 31, mean direction 306u, r 5 0.24, P 5 0.17) and in a field turned
2120u horizontally (b, autumn 2011, n 5 27, mean direction 235u, r 5 0.03,
P 5 0.96). Broadband fields between ca. 600 kHz and 3 MHz (black traces in
f, g) also disoriented the birds (c, autumn 2011, n 5 30, mean direction 108u,
r 5 0.11, P 5 0.70). When the same equipment sent out the weakest possible
broadband electromagnetic noise (blue traces in f, g), the birds showed
appropriately directed magnetic compass orientation (d, autumn 2011, n 5 27,
mean direction 258u6 37u, r 5 0.42, P 5 0.008), and responded to a 2120u
horizontal rotation of the static field (e, autumn 2011, n 5 26, mean direction
107u6 32u, r 5 0.51, P , 0.001). For comparison, the red traces in f, g show
the intensity of the strong 2 kHz–9 MHz broadband noise used for the
experiments presented in Fig. 3. f, Magnetic field intensity. g, Electric
field intensity.
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orientation without screening. a, Orientation at the University campus
(same data as in Fig. 1a). b, Orientation at a rural location (spring 2011, n 5 28,
mean direction 342u6 32u, r 5 0.47, P 5 0.002) where the anthropogenic
electromagnetic noise was much weaker (blue traces in c, d) than at the
University (red traces in c, d). c, Magnetic field intensity. d, Electric
field intensity.

LETTER RESEARCH

1 5 M A Y 2 0 1 4 | V O L 5 0 9 | N A T U R E | 3 5 5

Macmillan Publishers Limited. All rights reserved©2014

Extended Data Table 1), but still much weaker than the Earth’s mag-
netic field (ca. 49,000 nT in Oldenburg). Ritz et al.11 reported that the
magnetic orientation capabilities of European robins in Frankfurt were
disabled by highly directional, monochromatic radiofrequency fields with
magnetic field intensities of 15 nT or more, but not at 5 nT under other-
wise identical conditions. Their birds were only disoriented at magnetic
intensities below ca. 100 nT when the radiofrequency matched the electron
Larmor frequency (1.315 MHz in Frankfurt; 1.363 MHz in Oldenburg),
that is, the resonance frequency of the spin of a free electron interacting
with the Earth’s magnetic field. Electromagnetic fields similar to those
used by Ritz et al.10,11 never occur in natural or urban environments. The
anthropogenic electromagnetic noise birds and other living beings expe-
rience is not monochromatic, nor is it spatially or temporally coherent
(Fig. 1c, d). It has rapidly varying phases and directions and many dif-
ferent frequencies are present simultaneously. The electromagnetic noise
we investigated is therefore fundamentally different from the conditions
used previously11. Furthermore, our birds were never exposed to mag-
netic fields stronger than 1 nT at 1.315 MHz or 1.363 MHz (Figs 1–5),
and two non-overlapping frequency ranges interfere with the birds’ abil-
ity to use their magnetic compass (Fig. 4). Thus, the disruptive effect on

orientation is not limited to a specific resonance frequency. It is caused
by electromagnetic fields covering a much broader frequency range and
at a much lower intensity (ca. 1 nT at any single frequency) than sug-
gested previously10,11. Most importantly, broadband anthropogenic elec-
tromagnetic noise omnipresent in industrialized environments can lead
to disorientation. These results have several important implications.

First, the present results could have significant consequences for migra-
tory bird conservation. Magnetic compass information is sensed by night-
migratory songbirds on the ground and in free flight17,18, which mostly
takes place at altitudes below 1,000 m (ref. 19). So, if anthropogenic elec-
tromagnetic fields prevent migratory songbirds from using their mag-
netic compass, their chances of surviving the migratory journey might
be significantly reduced, in particular during periods of overcast weather
when sun and star compass information is unavailable. Night-migratory
songbird populations are declining rapidly20, and anthropogenic elec-
tromagnetic noise could be a previously neglected contributory factor.
Nevertheless, billions of migratory birds do find their way every year.
It is therefore pertinent to ask, how localized is the disorienting effect
of man-made electromagnetic noise?

We therefore compared the orientation of our robins in the unscreened
huts at the University site (Figs 1a and 5a) with their orientation in an
unscreened wooden shelter located ca. 7.5 km from the University and
ca. 1 km outside the Oldenburg city limit, where the anthropogenic elec-
tromagnetic noise was much weaker (Fig. 5c, d) and similar in intensity
to the electromagnetic noise remaining inside the grounded aluminium-
screened huts (Fig. 1c, d, blue trace). In the rural setting, the birds could
orient using their magnetic compass in the absence of screening (Fig. 5b).
Thus, the disruptive effect of anthropogenic electromagnetic noise on
the birds’ orientation capabilities appears to be restricted to urban loca-
tions where there is typically a high usage of electronic devices. There-
fore, the effect on wild birds is probably also quite localized.

Second, the results presented here are likely to provide key insights
into the mechanism either of the magnetic compass sense21–29 or of some
important process that interferes with the birds’ orientation behaviour.
The biophysical mechanism that would allow such extraordinarily weak,
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magnetic compass orientation is not limited to a single narrow frequency
range. Addition of broadband, noise-modulated, electromagnetic fields
between ca. 20 kHz and 450 kHz (green traces in f, g) inside the grounded
screens resulted in disorientation of the birds in the normal field (a, autumn
2011, n 5 31, mean direction 306u, r 5 0.24, P 5 0.17) and in a field turned
2120u horizontally (b, autumn 2011, n 5 27, mean direction 235u, r 5 0.03,
P 5 0.96). Broadband fields between ca. 600 kHz and 3 MHz (black traces in
f, g) also disoriented the birds (c, autumn 2011, n 5 30, mean direction 108u,
r 5 0.11, P 5 0.70). When the same equipment sent out the weakest possible
broadband electromagnetic noise (blue traces in f, g), the birds showed
appropriately directed magnetic compass orientation (d, autumn 2011, n 5 27,
mean direction 258u6 37u, r 5 0.42, P 5 0.008), and responded to a 2120u
horizontal rotation of the static field (e, autumn 2011, n 5 26, mean direction
107u6 32u, r 5 0.51, P , 0.001). For comparison, the red traces in f, g show
the intensity of the strong 2 kHz–9 MHz broadband noise used for the
experiments presented in Fig. 3. f, Magnetic field intensity. g, Electric
field intensity.
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Figure 5 | In a rural location, European robins show magnetic compass
orientation without screening. a, Orientation at the University campus
(same data as in Fig. 1a). b, Orientation at a rural location (spring 2011, n 5 28,
mean direction 342u6 32u, r 5 0.47, P 5 0.002) where the anthropogenic
electromagnetic noise was much weaker (blue traces in c, d) than at the
University (red traces in c, d). c, Magnetic field intensity. d, Electric
field intensity.
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final thoughts

• disruption of magnetic compassing is localized to 
“urban” areas (AM radio, electronic equipment...)

• but night-migratory song-bird populations are 
dwindling rapidly

• how are birds so sensitive? what is the 
mechanism? perhaps birds also sense electric 
fields?
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