
Vol.:(0123456789)1 3

Journal of Comparative Physiology A (2022) 208:97–106 
https://doi.org/10.1007/s00359-021-01537-8

ORIGINAL PAPER

Broadband 75–85 MHz radiofrequency fields disrupt magnetic 
compass orientation in night‑migratory songbirds consistent 
with a flavin‑based radical pair magnetoreceptor

Bo Leberecht1   · Dmitry Kobylkov1,2   · Thiemo Karwinkel1,3   · Sara Döge1 · Lars Burnus1 · Siu Ying Wong4   · 
Shambhavi Apte1 · Katrin Haase1   · Isabelle Musielak1   · Raisa Chetverikova1   · Glen Dautaj1 · Marco Bassetto1 · 
Michael Winklhofer1,6   · P. J. Hore5   · Henrik Mouritsen1,6 

Received: 15 December 2021 / Revised: 15 December 2021 / Accepted: 17 December 2021 / Published online: 12 January 2022 
© The Author(s) 2022

Abstract
The light-dependent magnetic compass sense of night-migratory songbirds can be disrupted by weak radiofrequency fields. 
This finding supports a quantum mechanical, radical-pair-based mechanism of magnetoreception as observed for isolated 
cryptochrome 4, a protein found in birds’ retinas. The exact identity of the magnetically sensitive radicals in cryptochrome 
is uncertain in vivo, but their formation seems to require a bound flavin adenine dinucleotide chromophore and a chain of 
four tryptophan residues within the protein. Resulting from the hyperfine interactions of nuclear spins with the unpaired 
electrons, the sensitivity of the radicals to radiofrequency magnetic fields depends strongly on the number of magnetic nuclei 
(hydrogen and nitrogen atoms) they contain. Quantum-chemical calculations suggested that electromagnetic noise in the 
frequency range 75–85 MHz could give information about the identity of the radicals involved. Here, we show that broad-
band 75–85 MHz radiofrequency fields prevent a night-migratory songbird from using its magnetic compass in behavioural 
experiments. These results indicate that at least one of the components of the radical pair involved in the sensory process of 
avian magnetoreception must contain a substantial number of strong hyperfine interactions as would be the case if a flavin–
tryptophan radical pair were the magnetic sensor.
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Introduction

The magnetic compass of night-migratory songbirds 
(Wiltschko 1968) is an inclination compass (Wiltschko and 
Wiltschko 1972) that is light dependent (Wiltschko et al. 
1993; Zapka et al. 2009; Mouritsen 2018) and involves the 
birds’ visual system (Mouritsen et al. 2005, 2016; Heyers 
et al. 2007; Zapka et al. 2009, 2010). Most evidence sug-
gests that the sensory mechanism is based on a radical pair 
process (Schulten et al. 1978; Ritz et al. 2000; Hore and 
Mouritsen 2016; Xu et al. 2021), but the primary magnetic 
sensors have yet to be unequivocally identified. The birds’ 
ability to orient using their magnetic compass is depend-
ent on the wavelength of the ambient light (Wiltschko et al. 
1993, 2010; Mouritsen 2018; but see Kirschvink et  al. 
2010). Furthermore, very weak broadband radiofrequency 
(RF) fields from  ~ 100 kHz to  ~ 10 MHz prevent the birds 
from using their magnetic compass (Ritz et al. 2004; Engels 
et al. 2014; Schwarze et al. 2016; Kobylkov et al. 2019). 
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Disturbing effects of single-frequency RF fields have also 
been reported (Thalau et al. 2005; Kavokin et al. 2014; 
Pakhomov et al. 2017; Bojarinova et al. 2020), although 
Schwarze et al. (2016) found that broadband fields, even at 
substantially lower intensities, had a much stronger effect. 
Any putative magnetite-based sensor should not be affected 
by RF fields of the low intensity and frequency range used 
in the behavioural experiments (Kirschvink 1996; Ritz et al. 
2000). In contrast, a radical-pair-based mechanism seems to 
be consistent with a light-dependent magnetic sensor suscep-
tible to weak RF fields at low MHz frequencies (Solovyov 
et al. 2014; Hore and Mouritsen 2016).

Cryptochromes (Cry), currently the only group of ver-
tebrate proteins known to form radical pairs upon photo-
excitation (Ritz et al. 2000; Liedvogel et al. 2007; Maeda 
et al. 2012; Zoltowski et al. 2019; Xu et al. 2021), have 
been proposed as the light-activated, radical-pair-forming, 
magnetosensory proteins in the avian retina (Ritz et al. 
2000; Mouritsen et al. 2004; Maeda et al. 2012; Nießner 
et al. 2014; but see Bolte et al. 2021; Hore and Mouritsen 
2016; Günther et al. 2018; Xu et al. 2021; Wong et al. 2021). 
At least six different cryptochrome variants are known to 
occur in retinal neurons of night-migratory songbirds: Cry1a 
(Mouritsen et al. 2004; Möller et al. 2004; Nießner et al. 
2011; Bolte et al. 2021), Cry1b (Möller et al. 2004; Bolte 
et al. 2016; Nießner et al. 2016), Cry2a (Mouritsen et al. 
2004; Möller et al. 2004; Balay et al. 2021; Einwich et al. 
2021), Cry2b (Hochstoeger et al. 2020; Balay et al. 2021), 
Cry4a (Liedvogel and Mouritsen 2010; Günther et al. 2018; 
Wu et al. 2020; Xu et al. 2021), and Cry4b (Einwich et al. 
2020); a and b forms are alternative splicing variants.

Avian versions of Cry1 and Cry2 seem to be unable to 
bind flavin adenine dinucleotide (FAD) (Kutta et al. 2017; 
Wang et al. 2018; Hochstoeger et al. 2020). Without FAD, 
cryptochromes do not absorb visible light, cannot form intra-
molecular radical pairs, and consequently are not magneti-
cally sensitive. In contrast, avian Cry4 variants bind FAD 
stoichiometrically (Ozturk et al. 2009; Mitsui et al. 2015; 
Wang et al. 2018; Zoltowski et al. 2019; Hochstoeger et al. 
2020; Xu et al. 2021). Even more importantly, Cry4a from 
night-migratory European robins (Erithacus rubecula) was 
recently shown to be magnetically sensitive in vitro (Xu 
et al. 2021). Following photoexcitation of the bound FAD, 
the magnetically sensitive radical pair forms in vitro by the 
sequential hopping of an electron along a chain of four tryp-
tophans (Trp) (Giovani et al. 2003; Müller et al. 2015; Nohr 
et al. 2016, 2017; Zoltowski et al. 2019; Xu et al. 2021). 
This radical pair in European robin Cry4a was shown to be 
[FAD·− TrpH·+] (Xu et al. 2021). Both of these radicals have 
more than ten magnetic nuclei (1H and 14N) hyperfine-cou-
pled to their unpaired electrons (Hore and Mouritsen 2016).

Other studies suggest that a FAD·−-Z· or FAD·−-X· 
radical pair, in which the second part of the radical pair 

has no (Z·) or very few (X·) hyperfine interactions, could 
be responsible for sensing magnetic compass information 
in night-migratory songbirds. Indirect evidence for this 
hypothesis includes (a) reports of specific RF field effects 
at the electron Larmor frequency (Ritz et al. 2004, 2009; 
Thalau et al. 2005; Kavokin et al. 2014; Bojarinova et al. 
2020; but see Engels et al. 2014; Schwarze et al. 2016); (b) 
indications that a “dark radical reaction”, perhaps involv-
ing superoxide, could be responsible for magnetoreception 
(Müller and Ahmad 2011; Wiltschko et al. 2016; Pooam 
et al. 2019; but see Player and Hore 2019); and (c) results 
of behavioural experiments in which birds were subjected 
to alternating pulses of light and magnetic field (Wiltschko 
et al. 2016). An attractive feature of this hypothesis is that a 
FAD·−-Z· or FAD·−-X· radical pair could be more sensitive 
to Earth-strength magnetic fields than a FAD·−-TrpH·+ radi-
cal pair (Lee et al. 2014). However, all of these findings are 
controversial, and, in many cases, we have been involved 
in replication studies which led to contradictory results. 
For instance, in our previous experiments (Schwarze et al. 
2016), exposure to RF fields at the Larmor frequency did 
not elicit disruptive effects on the magnetic orientation of 
birds. Instead, we found that broadband RF fields are more 
effective at disrupting orientation performance compared to 
single-frequency RF fields, which conflicts with predictions 
for FAD·−-Z· (Ritz et al. 2004; Engels et al. 2014; Schwarze 
et al. 2016). Another problem is that the identity of the 
Z· or X· radical is completely unknown (Lee et al. 2014). 
Superoxide, which would have no hyperfine interactions, has 
been suggested, but seems highly unlikely because of its 
extremely fast spin relaxation (Hogben et al. 2009; Player 
and Hore 2019; but see Kattnig 2017) and ascorbic acid does 
not appear to have the appropriate binding properties to lead 
to a viable radical pair (Nielsen et al. 2017).

An impression of the likely effects of RF magnetic fields 
on different radical pairs can be gleaned from the “action 
spectrum histograms” introduced by Hiscock et al. (2017). 
Calculated from the hyperfine interactions within the radi-
cals and the dipolar coupling between them, the plots in 
Hiscock et al. (2017; Figs. 3a,  4a,  5a,  6a) show the approx-
imate relative sensitivity of a radical pair to applied RF 
fields of different frequencies. Each histogram in Hiscock 
et al. (2017) and ours in Fig. 1 are normalised such that 
the heights of the bars sum to unity. The taller the bar, the 
larger the expected effect at that frequency. The frequen-
cies at which a radical pair can be influenced by a time-
dependent field are given by the gaps between pairs of the 
quantized energy levels of its coupled electron-nuclear spin 
system. An important point to come from these plots is that 
each radical has a “cut-off” frequency above which it can no 
longer be in resonance with, and therefore affected by, a RF 
field. These upper limits were estimated to be  ~ 120 MHz 
for FAD·− and  ~ 100 MHz for TrpH·+ (Hiscock et al. 2017). 
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Ignoring the electron exchange and dipolar couplings, the 
cut-off frequency for a radical pair is the larger of the cut-
offs of the two radicals. In the case of FAD·−-TrpH·+ this 
would be  ~ 120 MHz.

This concept is illustrated in Fig.  1a which shows 
a simplified simulated version of the histogram for a 
FAD·−-TrpH·+ radical pair, ignoring the electron–electron 
spin–spin interactions. As the radiofrequency is increased 
from  ~ 1 MHz, the predicted response is fairly flat up to the 
maximum frequency for TrpH·+ (100 MHz), then drops by 
about 50%, before falling to zero at 120 MHz. The origin 
of this behaviour can be seen in Fig. 1b which shows the 
contributions from the two radicals. The normalised his-
togram bars for TrpH·+ are about 20% higher than those of 
FAD·− because of the lower cut-off frequency. The reduced 
response between 100 and 120  MHz in Fig.  1a arises 
because both radicals can be in resonance with RF fields 
at frequencies below 100 MHz, but only FAD·− is affected 
in the range 100–120 MHz. The effect of a small dipolar 
interaction is to smooth the spectrum in Fig. 1a, making the 
drop at 100 MHz less abrupt and therefore probably very 
difficult to detect experimentally. One can, therefore, expect 
FAD·−-TrpH·+ to show broadly the same sensitivity to any 
frequency in the range 1–120 MHz and to be almost unaf-
fected by frequencies above 120 MHz.

Figure 1c, d shows the corresponding plots for a FAD·−-X· 
radical pair in which X· has fewer hyperfine interactions and 
therefore a lower cut-off frequency than TrpH·+ (chosen here, 
arbitrarily, to be 40 MHz). The step change at 40 MHz in 
Fig. 1c is much more pronounced than that at 100 MHz in 

Fig. 1a because the contributions of the two radicals (Fig. 1d) 
are now much more distinct. In this case, one could expect that 
RF fields in the range 1–40 MHz should have a larger effect 
than those in the range 40–120 MHz. Once again, there would 
be no effect at frequencies beyond 120 MHz. This prediction is 
unlikely to be changed much when a small dipolar interaction 
is introduced. Both FAD·−-TrpH·+ and FAD·−-X· are predicted 
to be sensitive to 75–85 MHz fields.

The aim of the present study is to test whether a broad-
band RF field in the 75–85 MHz range can disturb the mag-
netic compass orientation of Eurasian blackcaps (Sylvia atri-
capilla), a night-migratory songbird, and thus whether at 
least one of the radicals involved in the bird’s magnetic com-
pass sense contains more than about 10 hyperfine interac-
tions. Failure to observe a disorienting effect of 75–85 MHz 
fields at RF field strengths similar to those that cause diso-
rientation at lower frequencies would be evidence against a 
flavin-containing radical pair sensor.

Methods

The experiments were conducted at the University of Olden-
burg, Germany, during the spring migratory seasons of 2019 
and 2021 using two different cohorts of Eurasian blackcaps 
which were wild-caught after the breeding season and during 
autumn migration in the immediate vicinity of the Univer-
sity. The birds were kept in on-site cages in a windowless 
room under a light regime imitating the local photoperiod 
and had access to food and water ad libitum. Between migra-
tory seasons, the birds were kept in an indoor aviary with 
an outdoor option.

Testing site

Behavioural experiments took place in specially constructed 
non-magnetic laboratory buildings described in earlier stud-
ies (Kobylkov et al. 2019; full description in Schwarze et al. 
2016). Within the laboratory, three aluminium-shielded 
chambers acting as Faraday cages allowed static magnetic 
fields to pass through, while attenuating time-dependent 
electromagnetic fields, ranging from 10 kHz to 10 GHz, by a 
factor of at least 105. The electrical equipment used to gener-
ate the RF fields was grounded through an 8 m-deep earthing 
rod, while the individual chambers were grounded by use 
of single electrode loops in the laboratory base (Schwarze 
et al. 2016).

Generation and measurement of static magnetic 
field stimuli

Behavioural experiments were performed in two static mag-
netic field conditions, the normal magnetic field (NMF) and 
a changed magnetic field (CMF), in which the horizontal 

Fig. 1   Simplified simulated action spectrum histograms of FAD-
containing radical pairs showing the expected resonances for radical 
pairs (a, c) and their constituent radicals (b, d). FAD·−-TrpH·+ (a, b). 
FAD·−-X· (c, d). The spectra in b and d have been separately normal-
ized. a and c are the sums of the red and blue spectra in b and d, 
respectively
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component of the field was rotated 120° counter-clockwise. 
Static magnetic fields were generated by a double-wrapped, 
three-axis Merritt four-coil system in each of the three 
chambers (Kirschvink 1992; Mouritsen 2013; Schwarze 
et al. 2016). The rectangular coils measured ca. 2 × 2 m. The 
behavioural experiments were conducted on a wooden table 
in the centre of the coil system where the homogeneity of 
the magnetic field was at least 99%. Each of the three sets of 
four coils was powered by a separate constant-current power 
supply (BOP 50–4 M, Kepco Inc., Flushing, NY, USA). In 
each chamber, the local and 120°-counter-clockwise rotated 
magnetic fields were recorded daily at alternating, opposite 
corners and in the centre of the experimental table using a 
flux-gate magnetometer (FVM-400, Meda Inc., Dulles, VA, 
USA).

The NMF condition was generated by running anti-par-
allel currents through the double-wrapped coils. Because 
the magnetic fields induced by currents running in oppo-
site directions through the two halves of the windings in 
each coil exactly cancel one another, the birds perceived 
only the natural local geomagnetic field. In the CMF condi-
tion, the currents ran parallel through the double-wrapped 
coils, reinforcing instead of cancelling the fields they gener-
ated. The average magnetic measurements of the NMF over 
all test days and chambers were inclination 67.58° ± 0.35° 
(mean  ±  sd) and intensity 48,827.04 ± 344.97 nT. The aver-
age CMF measurements were inclination 67.59° ± 0.33°, 
horizontal direction (declination)—119.97° ± 0.78° and 
intensity 48,808.83 ± 327.01 nT.

Generation and measurement of time‑dependent 
electromagnetic fields

Every day, after the daily measurement of the static mag-
netic field, the magnetic components of the RF fields 
were measured in each chamber at opposite corners or 
edges of the tables. As recommended by Hiscock et al. 
(2017), the fields were measured with a calibrated active 
loop antenna (Schwarzbeck Mess-Elektronik, HFS 1546, 
150 kHz–400 MHz, Germany), placed 1.5 cm above the 
centre of the emission antennas. The measurement antenna 
was connected through the wall panel to a signal analyser 
(Rhode and Schwarz, FSV3004 Signal and Spectrum Ana-
lyser (10 Hz–4 GHz), Germany). The electric components 
of the fields were measured similarly with a calibrated 
active bi-conical antenna (Schwarzbeck Mess-Elektronik, 
EFS 9218 (9 kHz–300 MHz), Germany), connected to the 
signal analyser. The RF fields were recorded for 1 min daily 
with the resolution bandwidth of the analyser set to 10 kHz. 
Before and after a migratory season, a 1-h measurement took 
place to record the RF fields applied during the experimen-
tal phase (magnetic component: Fig. 2; electric component: 
Fig. SI1). For comparability with earlier studies (Engels 

et al. 2014; Schwarze et al. 2016; Kobylkov et al. 2019), we 
recorded two different spectral traces in each measurement: 
maxhold (with the “Maxpeak” detector; for the detection of 
absolute maxima at a given frequency) and average spec-
tral amplitudes (with the “RMS” detector; measuring the 
root-mean-square intensity over time at a given frequency). 
The spectral density (pT/√Hz) of the applied broadband 
noise signal in the frequency range of interest was integrated 
according to the equations in Kobylkov et al. (2019), see 
Table SI1.

The RF fields were generated with signal generators 
(Rhode and Schwarz, SMBV100A (9 kHz–6 GHz) and 
SMBV100B (8 kHz–3 GHz), Germany), set to produce 
broadband noise in the spectra range from 75 to 85 MHz 
(centre frequency: 80 ± 5.75 MHz, resulting in a signal pla-
teau width of 10 MHz). In the treatment condition (in the 
following noted as “RF”), the output RMS voltage at the 
signal generator was set to 37 mV, while in the control con-
dition, the RMS voltage was set to 15 nV, so that in both 
conditions, the signal generators were actively producing a 
signal. Unless noted otherwise, coaxial cables (Schwarzbeck 
Mess-Elektronik, AK 9515 E, 50 Ohm, N-Connector, Ger-
many) with N-connectors were used.

The signals were then fed into broadband power amplifiers 
(AR Deutschland GmbH, 30W1000-M7 (20 MHz–1 GHz) 
and 50U1000 (10 kHz–1000 MHz), Germany) and ampli-
fied to 55% of the maximum gain (ca. 45 dB) and guided 
into the experimental chambers via a wall panel. Inside the 
chambers, the signal was passed to a custom-built bandpass 
filter box (attenuation up to 71.88 MHz; 3 dB attenuation 
at 71.88 MHz), followed by an 8-Way splitter (Werlatone, 
Model D5829-10, 20–500 MHz, 400 W, N-Connectors, Pat-
terson, NY, USA). Both were located under the experimental 

Fig. 2   Measurements of the magnetic components of the RF fields 
measured in the range of 150  kHz–300  MHz. a The control condi-
tion and b the 75–85 MHz broadband noise used for the “RF” con-
dition. Electric component spectra are displayed in Fig. SI1 in the 
Supplementary Information. Spectral traces: ‘average’ (lower red 
line); ‘maxhold’ (upper blue line). Notice that the magnetic spectrum 
is extremely clean with no significant harmonics or other frequencies 
outside the desired range
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table within the Merritt-4 coil system. Each of the eight out-
puts from the splitter was fed into a coaxial cable (RG58C/U 
MIL-C-17, BNC connector), which was wrapped in a sin-
gle turn around a custom-built, circular PVC antenna frame 
(diameter: 35.7 cm, height: 9 cm, circumference: 112.2 cm). 
The shield of the coaxial cable was removed along the cir-
cumference of the single turn coil, and the inner conduc-
tor was connected at its end to the shield at the other end 
to close the loop. This single-loop magnetic coil acted as 
an antenna, applying the generated broadband noise to the 
Emlen-funnel placed inside. The generators were in ‘RF 
OFF’-mode and only switched to ‘RF ON’-mode for the 
experiments or during measurements.

Acquisition and analysis of behavioural data

Eurasian blackcaps were pre-screened by testing each indi-
vidual’s migratory motivation and ability to orient using 
their magnetic compass in the NMF and CMF conditions 
without RF-noise. The pre-screening results are not shown 
in Fig. 3, as these data were used for selection, and, thus, 
NMF and CMF data without RF-noise needed to be col-
lected again for the test series reported in Fig. 3. Therefore, 
having completed the pre-screening tests, the actual experi-
ments were conducted from scratch. On every test day, the 
birds were caught from the housing cages 1 h before the 
end of civil twilight (approximately 30 min before sunset) 
to allow them to experience the sunset and potentially to 
calibrate their magnetic compass (Cochran et al. 2004, but 
see Chernetsov et al. 2011). The birds were placed in the 
nearby botanical garden facing the sunset and sheltered from 
rain and wind. The boxes in which they were transferred to 
the nonmagnetic experimental laboratory were covered to 
exclude any disturbance from street lights.

Behavioural experiments were performed using modified 
Emlen funnels made of white PVC (35 cm diameter, 15 cm 
high, walls 45° inclined) (Emlen and Emlen 1966; Mourit-
sen et al. 2009). During the migratory season, night-migra-
tory songbirds exhibit “migratory restlessness”, expressed 
as jumping around and wing-whirring in a cage. During 
periods of migratory restlessness at night, the birds jump in 
the direction they want to migrate. The sloping sides of the 
funnels cause them to slide back down leaving marks on the 
scratch-sensitive thermal paper with which the funnels are 
lined. In this way, the birds’ intended migratory directions 
could be recorded. The edges of the scratch papers were 
joined with adhesive tape and the resulting overlaps aligned 
with one of the cardinal directions, chosen at random for 
each experiment and measurement chamber.

In the experimental chambers, each bird was placed in a 
designated Emlen funnel lined with scratch-sensitive ther-
mal paper. After 1 h, the birds were returned to their trans-
port boxes. Every test day consisted of two rounds of the 

same experimental condition with only the position of the 
funnel on the experimental table changed between rounds 
for each bird. After the second experimental round, the birds 
were brought back to their housing cages. After every exper-
imental round, the scratch papers were collected, the funnels 
cleaned and, if necessary, prepared for another round.

The scratch papers were analysed independently by two 
researchers, unaware of the static magnetic field and RF field 
conditions, as well as the cardinal alignment of the scratch 
papers. Papers that had fewer than 30 scratches (203 of 939 
papers, 21.6%) were classified inactive and excluded from 
further analysis. For active birds, the mean orientation of 
their scratches was determined to the nearest 10°. If the ori-
entations estimated independently by the two researchers 
agreed to within 30°, the mean of the two values was taken 
as the bird’s orientation (626 of 939 papers, 66.7%). Oth-
erwise, the paper was reassessed and if the two directions 
still differed by more than 30°, the paper was deemed to 
be random (110 of 939 papers, 11.7%). For every bird in 
each condition, its mean direction and directedness (r: mean 
resultant vector length) of all individual test results were cal-
culated with a custom-written R-script (R Core Team 2013; 
“circular” package: Agostinelli and Lund 2017; “tidyverse” 
package Wickham et al. 2019) using circular statistics. The 
data used for the final analysis are accessible in Table SI2 in 
the Supplementary Information.

For each bird, the mean orientation of all tests in a given 
treatment condition was calculated. In line with previous 
studies (Lefeldt et  al. 2015; Kobylkov et  al. 2019), we 
included the means of all individuals with at least 3 directed 
tests in the relevant condition and r  ≥ 0.2 in Fig. 3. We also 
required that any given individual bird provided a directional 
value in at least two of the four test conditions. For every 
experimental condition, the group’s mean orientation and 
directedness was then calculated by adding up unit vectors 
in each of the individual birds’ mean directions and dividing 
by the number of birds providing data for the given experi-
mental condition. The group mean orientation was compared 
against uniformity with the Rayleigh test. The randomness of 
experimental groups that showed no statistically significant 
orientation was compared with directed experimental groups 
using bootstrapping (Fisher 1995; Alert et al. 2015; Boja-
rinova et al. 2020). For the bootstrap, we merged the data 
from both years and resampled the data a total of 100,000 
times per condition randomly with replacement according to 
sample sizes of the respective controls in Fig. 3.

Results

In the normal geomagnetic field of Oldenburg (NMF), the 
group orientation of the birds that had not been exposed to 
75–85 MHz RF fields resembled the north-easterly spring 
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migratory direction seen in free-flying conspecifics in the 
wild [NMF, Fig. 3a; N  = 32, mean  = 75.90°, standard devia-
tion (sd)  = 77.37°; r  = 0.4018, p  = 0.0050; 95% confidence 
interval (CI)  ± 33.44°]. When the horizontal component of 
the magnetic field was turned by 120° counter-clockwise, the 
birds adjusted their orientation accordingly (CMF, Fig. 3b; N  
= 31, mean  = 304.35°, sd  = 76.28°; r  = 0.4122, p  = 0.0044; 
95% CI  ± 33.04°). The orientation in the rotated CMF field 
was significantly different from the orientation under NMF 
conditions [Mardia–Watson–Wheeler test: ω  = 17.419, 
degrees of freedom (df)  = 2, p = 0.0002], the two confidence 
intervals include the expected 120° counter-clockwise rota-
tion, and the CMF directions were significantly distributed 

around the mean angle rotated counter-clockwise by 120° 
relative to the NMF control mean direction (V-Test against 
315.9°: V  = 0.404, µ  = 3.18, p  = 0.0006).

Birds that were exposed to broadband 75–85 MHz RF 
fields at an intensity of 2.53pT/√Hz (maxhold mode) 
were randomly oriented as a group in both magnetic field 
conditions (NMF-RF, Fig. 3c; N  = 27, mean = 146.71°, 
sd  = 117.13°; r  = 0.1237, p  = 0.6655; CMF-RF, Fig. 3d; N  
= 29, mean  = 62.88°, sd  = 130.73°; r  = 0.0740, p  = 0.8552).

To validate whether the orientation results obtained using 
75–85 MHz RF noise (Fig. 3c, d) were significantly more 
random than in the two conditions in which no such fields 
were applied (Fig. 3a, b), a common bootstrap approach 

Fig. 3   Magnetic compass orientation of Eurasian blackcaps. a 
NMF—normal Earth’s magnetic field in Oldenburg (N  = 32); b 
CMF—120°-rotated Earth’s magnetic field (N  = 31); c NMF-
RF—NMF with 75 to 85  MHz radiofrequency (RF) fields present 
(N  = 27); d CMF-RF—CMF with 75–85 MHz RF fields present (N  
= 29). Each coloured dot represents the mean direction of one indi-
vidual bird rounded to the nearest 5°. The arrows display the group 
mean orientation and the arrow length represents the respective 
Rayleigh value, framed by the confidence intervals (± 95%). Dashed 

circles indicate threshold p levels (from inner to outer circle: 0.05, 
0.01, 0.001) of the Rayleigh test for the corresponding sample size. 
gN geographical North; mN magnetic North. Yellow dots: birds from 
the 2019 cohort; blue dots: birds from the 2021 cohort. Each dot in a 
given condition represents data from different individuals. The same 
individuals were tested in all 4 conditions, but, in some cases, a bird 
did not provide enough active and directed tests in all conditions. 
Therefore, the sample size is slightly different between the conditions
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was applied (100,000 iterations per condition; Bojarinova 
et al. 2020; Fisher 1995). The bootstraps for the NMF-RF 
showed that only 0.854% (p  = 0.00854) of the bootstrap 
iterations achieved a directedness (r  ≥ 0.4018) as high as 
or higher than the NMF condition (its control counterpart). 
Only 0.41% (p  = 0.0041) also lay within the confidence 
intervals (42.46°–109.34°) of the NMF. The CMF-RF 
condition bootstrap data yielded similar results relative to 
the respective parameters of the CMF condition, with only 
0.902% (p  = 0.00902) being as directed as the CMF data (r  
≥ 0.4122) and only 0.019% (p  = 0.00019) also within the 
confidence intervals. Since all bootstrap results were below 
1%, the orientation of the birds exposed to the 75–85 MHz 
noise were significantly more random than the birds in the 
control conditions.

Discussion

When tested under control conditions, the birds exhibited 
magnetic compass orientation: they displayed a seasonally 
appropriate group orientation in the normal magnetic field 
(NMF) condition and they adjusted their group heading 
according to the horizontally rotated magnetic field, CMF. 
When 75–85 MHz RF fields were applied, the mean orienta-
tion of the blackcaps as a group was indistinguishable from 
random in both the NMF and CMF conditions.

Our results are in line with previous research (Ritz et al. 
2004; Engels et al. 2014; Schwarze et al. 2016) showing that 
a broadband RF noise can disturb magnetic compass orien-
tation of night-migratory songbirds (summarised in Fig. 4). 
The frequency range of the broadband fields that have this 
disruptive effect starts somewhere between 100 kHz (Kob-
ylkov et al. 2019) and 450 kHz (Engels et al. 2014) and, 
given the results presented here, ends above 75 MHz.

Disorientation at 75–85 MHz is consistent with a flavin-
containing, radical-pair-based, magnetosensory mecha-
nism. It will be interesting to further investigate whether 
the high-frequency cut-off, above which the birds are no 
longer sensitive to RF fields, is indeed in the region of 
120 MHz. This range would be expected for a flavin-con-
taining radical pair (see Fig. 1). If the upper limit of the 
RF effect were shown to occur at a substantially higher 
frequency (e.g., > 200 MHz), this would imply that one or 
both of the radicals would need to have much larger hyper-
fine interactions than either FAD·− or TrpH·+ or that the 
sensory mechanism is based on an unknown mechanism 
sensitive to high-frequency RF noise.

The results reported here cannot distinguish between 
FAD·−-TrpH·+ and FAD·−-Z· or FAD·−-X· radical pairs as 
the source of the RF effect. To discriminate between these 
possibilities, one would need to detect either the drop in 
sensitivity at  ~ 100 MHz when the cut-off for TrpH·+ is 
exceeded (Fig. 1a) or the same effect at a lower frequency 
above which X· is no longer affected (shown, arbitrarily, 
at 40 MHz in Fig. 1c). These relatively small changes in 
magnetic response sensitivity are on the order of a factor 2 
or 3 and are expected to be gradual. Therefore, any experi-
ments would first require the identification of the exact 
RF cut-off amplitude at around 10 MHz, which is cur-
rently only known within about two orders of magnitude 
(see Supplementary Information, Table SI1). In our view, 
due to the directional noise and variability in behavioural 
experiments, it is unlikely that behavioural experiments 
can provide the sensitivity to identify these relatively sub-
tle changes in magnetic responses. If widely reproducible 
electrophysiological responses from magnetically sensitive 
neurons in night-migratory songbirds could be recorded, 
such an approach would be much more sensitive and 

Fig. 4   Summary of the effects of broadband RF fields on the orien-
tation behaviour of night-migratory songbirds. Black boxes indicate 
that a disruptive effect was reported, white boxes indicate no disrup-
tive effect. The grey boxes in the summary row indicate the uncer-
tainty in the lowest and highest frequencies known to cause disorien-

tation. Note that the horizontal axis is logarithmic and that the data 
from the present study spans 10 MHz, similar to the previous stud-
ies. Based on these data, RF fields at least in the range from about 
400 kHz to about 80 MHz seems to disrupt magnetic compass orien-
tation in the night-migratory songbird species tested so far
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provide much faster and verifiable results regarding these 
matters than behavioural experiments could.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00359-​021-​01537-8.

Acknowledgements  We are grateful to the University’s workshops 
for providing expert technical assistance, the animal keeping facility 
and veterinarians for taking care of our birds, and to the reviewers for 
reviewing the manuscript.

Author contributions  HM and PJH designed the research; DK, MB, 
MW, HM and PJH provided intellectual input to the experimental 
design; BL, DK, TK, SD and LB performed the experiments; DK, 
TK, SD, LB, SA, KH, IM, RC, GD and MB evaluated the blinded 
data; BL performed the statistical analysis; SYW performed theoreti-
cal calculations; HM provided reagents and facilities; The first draft 
was written by BL and further improved by HM and PJH. All authors 
commented on the manuscript.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. Generous financial support was provided by the Deutsche 
Forschungsgemeinschaft (Projektnummer 395940726-SFB 1372 
‘Magnetoreception and Navigation in Vertebrates’ to HM, MW, and 
PJH employing BL, TK, SYW, KH, IM; and GRK 1885 “Molecular 
basis of sensory biology” to HM and MW employing SA and RC), 
by a Graduate School Scholarship Programme (2017-57320205) from 
‘DAAD: German Academic Exchange Service’ to RC, by a stipend 
from ‘Landesgraduiertenkolleg Nano-Energieforschung’ funded by the 
‘Ministerium für Wissenschaft und Kultur’ of Lower Saxony to DK via 
HM, by the European Research Council [under the European Union’s 
Horizon 2020 research and innovation programme, Grant Agreement 
No. 810002 (Synergy Grant: ‘QuantumBirds’ warded to HM and PJH, 
employing MB)].

Data availability  Original data are available in the electronic supple-
mentary material.

Code availability  Not applicable.

Declarations 

Conflict of interest  The authors declare no conflict of interests.

Ethical approval  All experimental procedures were conducted in 
accordance with national and local guidelines for the use of animals 
in research, approved by the Animal Care and Use Committees of the 
Niedersächsisches Landesamt für Verbraucherschutz und Lebensmit-
telsicherheit (LAVES, Oldenburg, Germany, 33.19-42502-04-17/2724).

Consent to participate  Not applicable.

Consent to publication  Not applicable.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 

the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Agostinelli C, Lund U (2017) R package ‘circular’: circular statistics 
(version 0.4-93). https://r-​forge.r-​proje​ct.​org/​proje​cts/​circu​lar/

Alert B, Michalik A, Thiele N, Bottesch M, Mouritsen H (2015) Re-
calibration of the magnetic compass in hand-raised European 
robins (Erithacus rubecula). Sci Rep 5:14323. https://​doi.​org/​10.​
1038/​srep1​4323

Balay SD, Hochstoeger T, Vilceanu A, Malkemper EP, Snider W, 
Dürnberger G, Mechtler K, Schuechner S, Ogris E, Nordmann 
GC (2021) The expression, localisation and interactome of 
pigeon Cry2. Sci Rep 11(1):20293. https://​doi.​org/​10.​1038/​
s41598-​021-​99207-x

Bojarinova J, Kavokin K, Pakhomov A, Cherbunin R, Anashina A, 
Erokhina M, Ershova M, Chernetsov N (2020) Magnetic compass 
of garden warblers is not affected by oscillating magnetic fields 
applied to their eyes. Sci Rep 10(1):1–6. https://​doi.​org/​10.​1038/​
s41598-​020-​60383-x

Bolte P, Bleibaum F, Einwich A, Günther A, Liedvogel M, Heyers 
D, Depping A, Wöhlbrand L, Rabus R, Janssen-Bienhold U et al 
(2016) Localisation of the putative magnetoreceptive protein cryp-
tochrome 1b in the retinae of migratory birds and homing pigeons. 
PLoS ONE 11(3):e0147819. https://​doi.​org/​10.​1371/​journ​al.​pone.​
01478​19

Bolte P, Einwich A, Seth PK, Chetverikova R, Heyers D, Wojahn I, 
Janssen-Bienhold U, Feederle R, Hore PJ, Dedek K et al (2021) 
Cryptochrome 1a localisation in light-and dark-adapted retinae 
of several migratory and non-migratory bird species: no signs of 
light-dependent activation. Ethol Ecol Evol 33:248–272. https://​
doi.​org/​10.​1080/​03949​370.​2020.​18705​71

Chernetsov N, Kishkinev D, Kosarev V, Bolshakov CV (2011) Not all 
songbirds calibrate their magnetic compass from twilight cues: a 
telemetry study. J Exp Biol 214(15):2540–2543. https://​doi.​org/​
10.​1242/​jeb.​057729

Cochran WW, Mouritsen H, Wikelski M (2004) Migrating songbirds 
recalibrate their magnetic compass daily from twilight cues. Sci-
ence 304(5669):405–408. https://​doi.​org/​10.​1126/​scien​ce.​10958​
44

Einwich A, Dedek K, Seth PK, Laubinger S, Mouritsen H (2020) A 
novel isoform of cryptochrome 4 (Cry4b) is expressed in the retina 
of a night-migratory songbird. Sci Rep 10:15794. https://​doi.​org/​
10.​1038/​s41598-​020-​72579-2

Einwich A, Seth PK, Bartölke R, Bolte P, Feederle R, Dedek K, Mour-
itsen H (2021) Localisation of cryptochrome 2 in the avian retina. 
J Comp Phys A. https://​doi.​org/​10.​1007/​s00359-​021-​01506-1

Emlen ST, Emlen JT (1966) A technique for recording migratory ori-
entation of captive birds. Auk 83(3):361–367. https://​doi.​org/​10.​
2307/​40830​48

Engels S, Schneider NL, Lefeldt N, Hein CM, Zapka M, Michalik A, 
Elbers D, Kittel A, Hore PJ, Mouritsen H (2014) Anthropogenic 
electromagnetic noise disrupts magnetic compass orientation in 
a migratory bird. Nature 509(7500):353–356. https://​doi.​org/​10.​
1038/​natur​e13290

Fisher NI (1995) Statistical analysis of circular data. Cambridge Uni-
versity Press, Cambridge

Giovani B, Byrdin M, Ahmad M, Brettel K (2003) Light-induced 
electron transfer in a cryptochrome blue-light photoreceptor. Nat 
Struct Mol Biol 10(6):489–490. https://​doi.​org/​10.​1038/​nsb933

https://doi.org/10.1007/s00359-021-01537-8
http://creativecommons.org/licenses/by/4.0/
https://r-forge.r-project.org/projects/circular/
https://doi.org/10.1038/srep14323
https://doi.org/10.1038/srep14323
https://doi.org/10.1038/s41598-021-99207-x
https://doi.org/10.1038/s41598-021-99207-x
https://doi.org/10.1038/s41598-020-60383-x
https://doi.org/10.1038/s41598-020-60383-x
https://doi.org/10.1371/journal.pone.0147819
https://doi.org/10.1371/journal.pone.0147819
https://doi.org/10.1080/03949370.2020.1870571
https://doi.org/10.1080/03949370.2020.1870571
https://doi.org/10.1242/jeb.057729
https://doi.org/10.1242/jeb.057729
https://doi.org/10.1126/science.1095844
https://doi.org/10.1126/science.1095844
https://doi.org/10.1038/s41598-020-72579-2
https://doi.org/10.1038/s41598-020-72579-2
https://doi.org/10.1007/s00359-021-01506-1
https://doi.org/10.2307/4083048
https://doi.org/10.2307/4083048
https://doi.org/10.1038/nature13290
https://doi.org/10.1038/nature13290
https://doi.org/10.1038/nsb933


105Journal of Comparative Physiology A (2022) 208:97–106	

1 3

Günther A, Einwich A, Sjulstok E, Feederle R, Bolte P, Koch K-W, 
Solov’yov IA, Mouritsen H (2018) Double-cone localization and 
seasonal expression pattern suggest a role in magnetoreception for 
European robin cryptochrome 4. Curr Biol 28(2):211–223. https://​
doi.​org/​10.​1016/j.​cub.​2017.​12.​003

Heyers D, Manns M, Luksch H, Güntürkün O, Mouritsen M (2007) 
A visual pathway links brain structures active during magnetic 
compass orientation in migratory birds. PLoS ONE 2(9):e937. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​00009​37

Hiscock HG, Mouritsen H, Manolopoulos DE, Hore PJ (2017) Disrup-
tion of magnetic compass orientation in migratory birds by radi-
ofrequency electromagnetic fields. Biophys J 113(7):1475–1484. 
https://​doi.​org/​10.​1016/j.​bpj.​2017.​07.​031

Hochstoeger T, Al Said T, Maestre D, Walter F, Vilceanu A, Pedron 
M, Cushion TD, Snider W, Nimpf S, Nordmann GC et al (2020) 
The biophysical, molecular, and anatomical landscape of pigeon 
Cry4: a candidate light-based quantal magnetosensor. Sci Advs 
6(33):eabb9110. https://​doi.​org/​10.​1126/​sciadv.​abb91​10

Hogben HJ, Efimova O, Wagner-Rundell N, Timmel CR, Hore PJ 
(2009) Possible involvement of superoxide and dioxygen with 
cryptochrome in avian magnetoreception: origin of Zeeman reso-
nances observed by in vivo EPR spectroscopy. Chem Phys Lett 
480(1–3):118–122. https://​doi.​org/​10.​1016/j.​cplett.​2009.​08.​051

Hore PJ, Mouritsen H (2016) The radical-pair mechanism of magne-
toreception. Annu Rev Biophys 45:299–344. https://​doi.​org/​10.​
1146/​annur​ev-​bioph​ys-​032116-​094545

Kattnig DR (2017) Radical-pair-based magnetoreception amplified by 
radical scavenging: resilience to spin relaxation. J Phys Chem B 
121(44):10215–10227. https://​doi.​org/​10.​1021/​acs.​jpcb.​7b076​72

Kavokin K, Chernetsov N, Pakhomov A, Bojarinova J, Kobylkov D, 
Namozov B (2014) Magnetic orientation of garden warblers (Syl-
via borin) under 1.4 MHz radiofrequency magnetic field. J R Soc 
Interface 11(97):20140451. https://​doi.​org/​10.​1098/​rsif.​2014.​0451

Kirschvink JL (1992) Uniform magnetic fields and double-wrapped 
coil systems: improved techniques for the design of bioelectro-
magnetic experiments. Bioelectromagnetics 13(5):401–411. 
https://​doi.​org/​10.​1002/​bem.​22501​30507

Kirschvink JL (1996) Microwave absorption by magnetite: a possible 
mechanism for coupling nonthermal levels of radiation to bio-
logical systems. Bioelectromagnetics 17(3):187–194. https://​doi.​
org/​10.​1002/​(SICI)​1521-​186X(1996)​17:3%​3c187::​AID-​BEM4%​
3e3.0.​CO;​2-%​23

Kirschvink JL, Winklhofer M, Walker MM (2010) Biophysics of mag-
netic orientation: strengthening the interface between theory and 
experimental design. J R Soc Interface 7(suppl 2):S179–S191. 
https://​doi.​org/​10.​1098/​rsif.​2009.​0491.​focus

Kobylkov D, Wynn J, Winklhofer M, Chetverikova R, Xu J, Hiscock H, 
Hore PJ, Mouritsen H (2019) Electromagnetic 0.1–100 kHz noise 
does not disrupt orientation in a night-migrating songbird imply-
ing a spin coherence lifetime of less than 10 µs. J R Soc Interface 
16(161):20190716. https://​doi.​org/​10.​1098/​rsif.​2019.​0716

Kutta RJ, Archipowa N, Johannissen LO, Jones AR, Scrutton NS 
(2017) Vertebrate cryptochromes are vestigial flavoproteins. Sci 
Rep 7:44906. https://​doi.​org/​10.​1038/​srep4​4906

Lee AA, Lau JC, Hogben HJ, Biskup T, Kattnig DR, Hore PJ (2014) 
Alternative radical pairs for cryptochrome-based magnetorecep-
tion. J R Soc Interface 11(95):20131063. https://​doi.​org/​10.​1098/​
rsif.​2013.​1063

Lefeldt N, Dreyer D, Steenken F, Schneider NL, Mouritsen H (2015) 
Migratory blackcaps tested in Emlen funnels can orient at 
85 degrees but not at 88 degrees magnetic inclination. J Exp Biol 
218(2):206–211. https://​doi.​org/​10.​1242/​jeb.​107235

Liedvogel M, Mouritsen H (2010) Cryptochromes—a potential mag-
netoreceptor: what do we know and what do we want to know? J 
R Soc Interface 7(suppl 2):S147–S162. https://​doi.​org/​10.​1098/​
rsif.​2009.​0411.​focus

Liedvogel M, Maeda K, Henbest K, Schleicher E, Simon T, Timmel 
CR, Hore PJ, Mouritsen H (2007) Chemical magnetoreception: 
bird cryptochrome 1a is excited by blue light and forms long-lived 
radical pairs. PLoS ONE 2(10):e1106. https://​doi.​org/​10.​1371/​
journ​al.​pone.​00011​06

Maeda K, Robinson AJ, Henbest KB, Hogben HJ, Biskup T, Ahmad 
M, Schleicher E, Weber S, Timmel CR, Hore PJ (2012) Mag-
netically sensitive light-induced reactions in cryptochrome are 
consistent with its proposed role as a magnetoreceptor. Proc Natl 
Acad Sci USA 109(13):4774–4779. https://​doi.​org/​10.​1073/​pnas.​
11189​59109

Mitsui H, Maeda T, Yamaguchi C, Tsuji Y, Watari R, Kubo Y, Okano 
K, Okano T (2015) Overexpression in yeast, photocycle, and 
in vitro structural change of an avian putative magnetoreceptor 
cryptochrome 4. Biochemistry 54(10):1908–1917. https://​doi.​org/​
10.​1021/​bi501​441u

Möller A, Sagasser S, Wiltschko W, Schierwater B (2004) Retinal 
cryptochrome in a migratory passerine bird: a possible trans-
ducer for the avian magnetic compass. Naturwissenschaften 
91(12):585–588. https://​doi.​org/​10.​1007/​s00114-​004-​0578-9

Mouritsen H (2013) The magnetic senses. In: Galizia CG, Lledo PM 
(eds) Neurosciences-from molecule to behavior: a university 
textbook. Springer, Berlin, pp 427–443

Mouritsen H (2018) Long-distance navigation and magnetoreception 
in migratory animals. Nature 558(7708):50–59. https://​doi.​org/​
10.​1038/​s41586-​018-​0176-1

Mouritsen H, Janssen-Bienhold U, Liedvogel M, Feenders G, Stal-
leicken J, Dirks P, Weiler R (2004) Cryptochromes and neu-
ronal-activity markers colocalize in the retina of migratory 
birds during magnetic orientation. Proc Natl Acad Sci USA 
101(39):14294–14299. https://​doi.​org/​10.​1073/​pnas.​04059​
68101

Mouritsen H, Feenders G, Liedvogel M, Wada K, Jarvis ED (2005) 
Night-vision brain area in migratory songbirds. Proc Natl Acad 
Sci USA 102(23):8339–8344. https://​doi.​org/​10.​1073/​pnas.​04095​
75102

Mouritsen H, Feenders G, Hegemann A, Liedvogel M (2009) Ther-
mal paper can replace typewriter correction paper in Emlen 
funnels. J Ornithol 150(3):713–715. https://​doi.​org/​10.​1007/​
s10336-​009-​0421-3

Mouritsen H, Heyers D, Güntürkün O (2016) The neural basis of 
long-distance navigation in birds. Annu Rev Physiol 78:133–154. 
https://​doi.​org/​10.​1146/​annur​ev-​physi​ol-​021115-​105054

Müller P, Ahmad M (2011) Light-activated cryptochrome reacts with 
molecular oxygen to form a flavin–superoxide radical pair consist-
ent with magnetoreception. J Biol Chem 286(24):21033–21040. 
https://​doi.​org/​10.​1074/​jbc.​M111.​228940

Müller P, Yamamoto J, Martin R, Iwai S, Brettel K (2015) Discovery 
and functional analysis of a 4th electron-transferring tryptophan 
conserved exclusively in animal cryptochromes and (6–4) photol-
yases. Chem Commun 51(85):15502–15505. https://​doi.​org/​10.​
1039/​C5CC0​6276D

Nielsen C, Kattnig DR, Sjulstok E, Hore PJ, Solov’yov IA, (2017) 
Ascorbic acid may not be involved in cryptochrome-based mag-
netoreception. J R Soc Interface 14(137):20170657. https://​doi.​
org/​10.​1098/​rsif.​2017.​0657

Nießner C, Denzau S, Gross JC, Peichl L, Bischof HJ, Fleissner G, 
Wiltschko W, Wiltschko R (2011) Avian ultraviolet/violet cones 
identified as probable magnetoreceptors. PLoS ONE 6(5):e20091. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​00200​91

Nießner C, Denzau S, Peichl L, Wiltschko W, Wiltschko R (2014) 
Magnetoreception in birds: I. Immunohistochemical studies con-
cerning the cryptochrome cycle. J Exp Biol 217(23):4221–4224. 
https://​doi.​org/​10.​1242/​jeb.​110965

Nießner C, Gross JC, Denzau S, Peichl L, Fleissner G, Wiltschko 
W, Wiltschko R (2016) Seasonally changing cryptochrome 1b 

https://doi.org/10.1016/j.cub.2017.12.003
https://doi.org/10.1016/j.cub.2017.12.003
https://doi.org/10.1371/journal.pone.0000937
https://doi.org/10.1016/j.bpj.2017.07.031
https://doi.org/10.1126/sciadv.abb9110
https://doi.org/10.1016/j.cplett.2009.08.051
https://doi.org/10.1146/annurev-biophys-032116-094545
https://doi.org/10.1146/annurev-biophys-032116-094545
https://doi.org/10.1021/acs.jpcb.7b07672
https://doi.org/10.1098/rsif.2014.0451
https://doi.org/10.1002/bem.2250130507
https://doi.org/10.1002/(SICI)1521-186X(1996)17:3%3c187::AID-BEM4%3e3.0.CO;2-%23
https://doi.org/10.1002/(SICI)1521-186X(1996)17:3%3c187::AID-BEM4%3e3.0.CO;2-%23
https://doi.org/10.1002/(SICI)1521-186X(1996)17:3%3c187::AID-BEM4%3e3.0.CO;2-%23
https://doi.org/10.1098/rsif.2009.0491.focus
https://doi.org/10.1098/rsif.2019.0716
https://doi.org/10.1038/srep44906
https://doi.org/10.1098/rsif.2013.1063
https://doi.org/10.1098/rsif.2013.1063
https://doi.org/10.1242/jeb.107235
https://doi.org/10.1098/rsif.2009.0411.focus
https://doi.org/10.1098/rsif.2009.0411.focus
https://doi.org/10.1371/journal.pone.0001106
https://doi.org/10.1371/journal.pone.0001106
https://doi.org/10.1073/pnas.1118959109
https://doi.org/10.1073/pnas.1118959109
https://doi.org/10.1021/bi501441u
https://doi.org/10.1021/bi501441u
https://doi.org/10.1007/s00114-004-0578-9
https://doi.org/10.1038/s41586-018-0176-1
https://doi.org/10.1038/s41586-018-0176-1
https://doi.org/10.1073/pnas.0405968101
https://doi.org/10.1073/pnas.0405968101
https://doi.org/10.1073/pnas.0409575102
https://doi.org/10.1073/pnas.0409575102
https://doi.org/10.1007/s10336-009-0421-3
https://doi.org/10.1007/s10336-009-0421-3
https://doi.org/10.1146/annurev-physiol-021115-105054
https://doi.org/10.1074/jbc.M111.228940
https://doi.org/10.1039/C5CC06276D
https://doi.org/10.1039/C5CC06276D
https://doi.org/10.1098/rsif.2017.0657
https://doi.org/10.1098/rsif.2017.0657
https://doi.org/10.1371/journal.pone.0020091
https://doi.org/10.1242/jeb.110965


106	 Journal of Comparative Physiology A (2022) 208:97–106

1 3

expression in the retinal ganglion cells of a migrating passerine 
bird. PLoS ONE 11(3):e0150377. https://​doi.​org/​10.​1371/​journ​
al.​pone.​01503​77

Nohr D, Franz S, Rodriguez R, Paulus B, Essen LO, Weber S, 
Schleicher E (2016) Extended electron-transfer in animal cryp-
tochromes mediated by a tetrad of aromatic amino acids. Biophys 
J 111(2):301–311. https://​doi.​org/​10.​1016/j.​bpj.​2016.​06.​009

Nohr D, Paulus B, Rodriguez R, Okafuji A, Bittl R, Schleicher E, 
Weber S (2017) Determination of radical–radical distances in 
light-active proteins and their implication for biological magne-
toreception. Angew Chem Int Ed 56(29):8550–8554. https://​doi.​
org/​10.​1002/​anie.​20170​0389

Ozturk N, Selby CP, Song SH, Ye R, Tan C, Kao YT, Zhong D, Sancar 
A (2009) Comparative photochemistry of animal type 1 and type 4 
cryptochromes. Biochemistry 48(36):8585–8593. https://​doi.​org/​
10.​1021/​bi901​043s

Pakhomov A, Bojarinova J, Cherbunin R, Chetverikova R, Grigoryev 
PS, Kavokin K, Kobylkov D, Lubkovskaja R, Chernetsov N (2017) 
Very weak oscillating magnetic field disrupts the magnetic com-
pass of songbird migrants. J R Soc Interface 14(133):20170364. 
https://​doi.​org/​10.​1098/​rsif.​2017.​0364

Player TC, Hore PJ (2019) Viability of superoxide-containing radical 
pairs as magnetoreceptors. J Chem Phys 151(22):225101. https://​
doi.​org/​10.​1063/1.​51296​08

Pooam M, Arthaut LD, Burdick D, Link J, Martino CF, Ahmad M 
(2019) Magnetic sensitivity mediated by the Arabidopsis blue-
light receptor cryptochrome occurs during flavin reoxidation 
in the dark. Planta 249(2):319–332. https://​doi.​org/​10.​1007/​
s00425-​018-​3002-y

R Core Team (2013) R: a language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna

Ritz T, Adem S, Schulten K (2000) A model for photoreceptor-based 
magnetoreception in birds. Biophys J 78(2):707–718. https://​doi.​
org/​10.​1016/​S0006-​3495(00)​76629-X

Ritz T, Thalau P, Phillips JB, Wiltschko R, Wiltschko W (2004) Reso-
nance effects indicate a radical pair mechanism for avian magnetic 
compass. Nature 429(6988):177–180. https://​doi.​org/​10.​1038/​
natur​e02534

Ritz T, Wiltschko R, Hore PJ, Rodgers CT, Stapput K, Thalau P, Tim-
mel CR, Wiltschko W (2009) Magnetic compass of birds is based 
on a molecule with optimal directional sensitivity. Biophys J 
96(8):3451–3457. https://​doi.​org/​10.​1016/j.​bpj.​2008.​11.​072

Schulten K, Swenberg CE, Weller A (1978) A biomagnetic sensory 
mechanism based on magnetic field modulated coherent electron 
spin motion. Z Phys Chem 111(1):1–5. https://​doi.​org/​10.​1524/​
zpch.​1978.​111.1.​001

Schwarze S, Schneider NL, Reichl T, Dreyer D, Lefeldt N, Engels S, 
Baker N, Hore PJ, Mouritsen H (2016) Weak broadband electro-
magnetic fields are more disruptive to magnetic compass orien-
tation in a night-migratory songbird (Erithacus rubecula) than 
strong narrow-band fields. Front Behav Neurosci 10:55. https://​
doi.​org/​10.​3389/​fnbeh.​2016.​00055

Solovyov IA, Ritz T, Schulten K, Hore PJ (2014) A chemical compass 
for bird navigation. In: Plenio MB, Mohseni M, Omar Y, Engel 
GS (eds) Quantum effects in biology. Cambridge University Press, 
Cambridge, pp 218–236

Thalau P, Ritz T, Stapput K, Wiltschko R, Wiltschko W (2005) Mag-
netic compass orientation of migratory birds in the presence of a 
1.315 MHz oscillating field. Naturwissenschaften 92(2):86–90. 
https://​doi.​org/​10.​1007/​s00114-​004-​0595-8

Wang X, Jing C, Selby CP, Chiou YY, Yang Y, Wu W, Sancar A, Wang 
A (2018) Comparative properties and functions of type 2 and type 
4 pigeon cryptochromes. Cell Mol Life Sci 75(24):4629–4641. 
https://​doi.​org/​10.​1007/​s00018-​018-​2920-y

Wickham H, Averick M, Bryan J, Chang W, McGowan LD, François R, 
Grolemund G, Hayes A, Henry L, Hester J et al (2019) Welcome 
to the tidyverse. J Open Source Softw 4(43):1686. https://​doi.​org/​
10.​21105/​joss.​01686

Wiltschko W (1968) Über den Einfluß statischer magnetfelder auf die 
zugorientierung der rotkehlchen (Erithacus rubecula). Z Tierpsy-
chol 25(5):537–558. https://​doi.​org/​10.​1111/j.​1439-​0310.​1968.​
tb000​28.x

Wiltschko W, Wiltschko R (1972) Magnetic compass of European 
robins. Science 176(4030):62–64. https://​doi.​org/​10.​1126/​scien​
ce.​176.​4030.​62

Wiltschko W, Munro U, Ford H, Wiltschko R (1993) Red light disrupts 
magnetic orientation of migratory birds. Nature 364(6437):525–
527. https://​doi.​org/​10.​1038/​36452​5a0

Wiltschko R, Stapput K, Thalau P, Wiltschko W (2010) Directional 
orientation of birds by the magnetic field under different light 
conditions. J R Soc Interface 7(suppl 2):S163–S177. https://​doi.​
org/​10.​1098/​rsif.​2009.​0367.​focus

Wiltschko R, Ahmad M, Nießner C, Gehring D, Wiltschko W (2016) 
Light-dependent magnetoreception in birds: the crucial step 
occurs in the dark. J R Soc Interface 13(118):20151010. https://​
doi.​org/​10.​1098/​rsif.​2015.​1010

Wong SY, Wei Y, Mouritsen H, Solov’yov IA, Hore PJ (2021) Cryp-
tochrome magnetoreception: four tryptophans could be better than 
three. J R Soc Interface 18:20210601. https://​doi.​org/​10.​1098/​rsif.​
2021.​0601

Wu H, Scholten A, Einwich A, Mouritsen H, Koch K-W (2020) Pro-
tein-protein interaction of the putative magnetoreceptor cryp-
tochrome 4 expressed in the avian retina. Sci Rep 10:7364. https://​
doi.​org/​10.​1038/​s41598-​020-​64429-y

Xu J, Jarocha LE, Zollitsch T, Konowalczyk M, Henbest KB, Rich-
ert S, Golesworthy MJ, Schmidt J, Déjean V, Sowood DJC et al 
(2021) Magnetic sensitivity of cryptochrome 4 from a migratory 
songbird. Nature 594(7864):535–540. https://​doi.​org/​10.​1038/​
s41586-​021-​03618-9

Zapka M, Heyers D, Hein CM, Engels S, Schneider NL, Hans J, Weiler 
S, Dreyer D, Kishkinev D, Wild JM et al (2009) Visual but not 
trigeminal mediation of magnetic compass information in a migra-
tory bird. Nature 461(7268):1274–1277. https://​doi.​org/​10.​1038/​
natur​e08528

Zapka M, Heyers D, Liedvogel M, Jarvis ED, Mouritsen H (2010) 
Night-time neuronal activation of cluster n in a day-and night-
migrating songbird. Eur J Neurosci 32(4):619–624. https://​doi.​
org/​10.​1111/j.​1460-​9568.​2010.​07311.x

Zoltowski BD, Chelliah Y, Wickramaratne A, Jarocha LE, Karki N, 
Xu W, Mouritsen H, Hore PJ, Hibbs RE, Green CB et al (2019) 
Chemical and structural analysis of a photoactive vertebrate cryp-
tochrome from pigeon. Proc Natl Acad Sci USA 116(39):19449–
19457. https://​doi.​org/​10.​1073/​pnas.​19078​75116

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1371/journal.pone.0150377
https://doi.org/10.1371/journal.pone.0150377
https://doi.org/10.1016/j.bpj.2016.06.009
https://doi.org/10.1002/anie.201700389
https://doi.org/10.1002/anie.201700389
https://doi.org/10.1021/bi901043s
https://doi.org/10.1021/bi901043s
https://doi.org/10.1098/rsif.2017.0364
https://doi.org/10.1063/1.5129608
https://doi.org/10.1063/1.5129608
https://doi.org/10.1007/s00425-018-3002-y
https://doi.org/10.1007/s00425-018-3002-y
https://doi.org/10.1016/S0006-3495(00)76629-X
https://doi.org/10.1016/S0006-3495(00)76629-X
https://doi.org/10.1038/nature02534
https://doi.org/10.1038/nature02534
https://doi.org/10.1016/j.bpj.2008.11.072
https://doi.org/10.1524/zpch.1978.111.1.001
https://doi.org/10.1524/zpch.1978.111.1.001
https://doi.org/10.3389/fnbeh.2016.00055
https://doi.org/10.3389/fnbeh.2016.00055
https://doi.org/10.1007/s00114-004-0595-8
https://doi.org/10.1007/s00018-018-2920-y
https://doi.org/10.21105/joss.01686
https://doi.org/10.21105/joss.01686
https://doi.org/10.1111/j.1439-0310.1968.tb00028.x
https://doi.org/10.1111/j.1439-0310.1968.tb00028.x
https://doi.org/10.1126/science.176.4030.62
https://doi.org/10.1126/science.176.4030.62
https://doi.org/10.1038/364525a0
https://doi.org/10.1098/rsif.2009.0367.focus
https://doi.org/10.1098/rsif.2009.0367.focus
https://doi.org/10.1098/rsif.2015.1010
https://doi.org/10.1098/rsif.2015.1010
https://doi.org/10.1098/rsif.2021.0601
https://doi.org/10.1098/rsif.2021.0601
https://doi.org/10.1038/s41598-020-64429-y
https://doi.org/10.1038/s41598-020-64429-y
https://doi.org/10.1038/s41586-021-03618-9
https://doi.org/10.1038/s41586-021-03618-9
https://doi.org/10.1038/nature08528
https://doi.org/10.1038/nature08528
https://doi.org/10.1111/j.1460-9568.2010.07311.x
https://doi.org/10.1111/j.1460-9568.2010.07311.x
https://doi.org/10.1073/pnas.1907875116

	Broadband 75–85 MHz radiofrequency fields disrupt magnetic compass orientation in night-migratory songbirds consistent with a flavin-based radical pair magnetoreceptor
	Abstract
	Introduction
	Methods
	Testing site
	Generation and measurement of static magnetic field stimuli
	Generation and measurement of time-dependent electromagnetic fields
	Acquisition and analysis of behavioural data

	Results
	Discussion
	Acknowledgements 
	References




