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Previously, it has been shown that long-distance migrants, garden warblers

(Sylvia borin), were disoriented in the presence of narrow-band oscillating

magnetic field (1.403 MHz OMF, 190 nT) during autumn migration. This

agrees with the data of previous experiments with European robins (Eritha-
cus rubecula). In this study, we report the results of experiments with garden

warblers tested under a 1.403 MHz OMF with various amplitudes (�0.4, 1,

�2.4, 7 and 20 nT). We found that the ability of garden warblers to orient in

round arenas using the magnetic compass could be disrupted by a very

weak oscillating field, such as an approximate 2.4, 7 and 20 nT OMF, but

not by an OMF with an approximate 0.4 nT amplitude. The results of the

present study indicate that the sensitivity threshold of the magnetic compass

to the OMF lies around 2–3 nT, while in experiments with European robins

the birds were disoriented in a 15 nT OMF but could choose the appropriate

migratory direction when a 5 nT OMF was added to the stationary magnetic

field. The radical-pair model, one of the mainstream theories of avian

magnetoreception, cannot explain the sensitivity to such a low-intensity

OMF, and therefore, it needs further refinement.
1. Introduction
Migratory birds are known to obtain information for orientation and navigation

tasks from the geomagnetic field [1–3]. Even though the physiological mechan-

isms of the magnetic sense are not yet definitely established, it is widely believed

that birds use two magnetoreception systems: chemical magnetoreceptor in their

eyes [1,2] and magnetite-based magnetoreceptor probably located in the upper

beak [3]. The chemical magnetoreception system is presumably used for orien-

tation tasks (magnetic compass) [4] and the iron-based magnetoreceptor may be

a part of the magnetic map [5–7].

The magnetic compass in birds was discovered in the 1960s and 1970s [8].

Since that time, many features of this compass system have been revealed. It

has an inclination nature, in contrast to the human technical compass and mag-

netic compass in mammals [9]: migratory birds use the angle between the

gravity vector and the lines of the geomagnetic field [8]; therefore, they

cannot distinguish between the magnetic North and South, but only between

‘poleward’ and ‘equatorward’ directions in both hemispheres. The magnetic

compass of birds is light-dependent and does not work in total darkness

[10]; in many orientation experiments songbird migrants chose the appropriate

migratory direction under short-wavelength light (UV, blue and green) [11–15]
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but were disoriented under yellow and red light [11,12,16,17].

Furthermore, we know that information from the magneto-

receptor in their eyes is analysed in the forebrain area

called Cluster N. It is a part of the visual Wulst, linked

with the eyes via a thalamofugal visual pathway and is

highly active during migratory restlessness in nocturnal

songbird migrants in contrast to non-migrants [18–21].

With this area lesioned, the birds lose their ability to orient

using information from the geomagnetic field, but still can

use celestial cues [4].

Despite intensive investigation of the magnetic compass

and of avian magnetoreception in general during recent

decades, the physical principles of this compass system are

not known with certainty. The most well-developed and broadly

discussed hypothesis is that it is based on spin-dependent

photochemical reactions. The idea that such reactions may

play a crucial role in the magnetic compass sense was initially

proposed [22] and further developed into the radical-pair

model (RPM) by Schulten and co-workers [23]. According

to this theory, migratory birds can use cryptochromes,

blue-light-sensitive flavoprotein molecules [24], as a magne-

toreceptor, because cryptochromes are the only class of

organic photoreceptors in vertebrates that can form a long-

lived radical pair upon absorption of a photon. Typically,

the radical pair forms in a singlet state (with antiparallel

spins of the two uncoupled electrons). Owing to hyperfine

interaction with magnetic moments of atomic nuclei, the

radical pair can transform from this state to a triplet state

(with parallel electron spins) and back; this process is

known as singlet–triplet interconversion. While in the singlet

state, the radicals have a chance to recombine. If they do not

recombine, the reaction may go further. For this reason, the

reaction yield depends on the efficiency of the singlet–triplet

interconversion which, in turn, is affected by the external

magnetic field. If the effect of external field varies with the

molecule orientation with respect to the magnetic field lines

(which could be made possible by anisotropic hyperfine

interactions [23]), a chemical compass may be, in principle,

realized. The ways of further transduction of the chemical

stimulus are debatable; the general idea is that the directions

of cryptochromes’ molecular axes are correlated with their

positions in the retina, giving rise to magnetic field-induced

visual patterns [23,25].

This theory is supported by several lines of evidence:

(i) four types of cryptochromes (Cry 1a, Cry 1b, Cry 2

and Cry 4) have been found in avian retina [2,26–28];

(ii) expression levels of Cry 1a and Cry 1b, the two putative

magnetoreception molecules, depend on the migratory

status of birds [29] and expression of Cry 1b may vary with

season [30] (but see [31]); (iii) this model can explain the incli-

nation nature of the magnetic compass [23]; (iv) the

absorption spectrum of cryptochromes (blue) corresponds

to the light conditions (from UV to green) under which

migratory birds showed magnetic orientation in behavioural

experiments; and (v) lifetime of cryptochrome radicals is suf-

ficient to allow for the Earth-strength magnetic field to

modulate radical-pair reaction [26] (for details, see [2,5]).

According to the authors of this theory, the disruptive

effect of oscillating magnetic fields (OMFs) is one of its crucial

proofs [23]. Several studies performed with migratory and

non-migratory birds showed that the OMF can destroy the

ability to orient using the magnetic compass [32–38] and,

therefore, the disruptive effect of the OMF is regarded as a
diagnostic tool testing for the radical-pair reaction as the

basis of the magnetic compass in other animals [39,40]. In

many of these experiments, a medium-distance songbird

migrant, namely the European robin (Erithacus rubecula),

was used as a model species. Experimental birds were dis-

oriented both in a narrow-band radiofrequency (RF) field

[34–37] (but see [38]) and a broadband RF field [35,38].

Very low intensities of the RF field, e.g. 15 and 48 nT, were

sufficient to prevent European robins from using their mag-

netic compass, whereas at 5 nT their orientation was not

affected by the time-dependent electromagnetic field [35].

Thus, the sensitivity threshold of the European robin to the

OMF is believed to lie between 5 and 15 nT.

The current physical model cannot explain this very

strong sensitivity of songbirds to the weak OMF [1,41–43].

In this study, we analysed the magnetic orientation of

garden warblers (Sylvia borin) with an even weaker narrow-

band 1.403 MHz OMF (with amplitudes of �0.4, 1, �2.4,

7 and 20 nT) added to the static geomagnetic field of 50

100 nT. Our aim was to find the sensitivity threshold to the

disruptive effect of the RF field (in intensity) in this species.
2. Material and methods
2.1. Study site, model species and bird keeping
We performed orientation tests with first-year garden warblers

mist-netted during autumn migration on the Courish Spit (Kali-

ningrad region, Russia; 558090 N, 208520 E). After capture, we

kept the birds outdoors in individual cages (60 � 40 � 40 cm)

for at least 3–5 days before the first test to give them an oppor-

tunity to acclimate to cage conditions. The birds experienced

natural photoperiod, local geomagnetic field conditions and

had access to all astronomic orientation cues (Sun, sunset polar-

ization patterns and stars) during their time in captivity. Garden

warblers were provided ad libitum with mealworms (Tenebrio
molitor), a homemade mix of mashed boiled eggs with grated car-

rots, black elderberry (Sambucus nigra) and a vitamin supplement

in fresh water.

2.2. Behavioural experiments and parameters of
oscillating magnetic field

2.2.1. Experiments in autumn 2014 – 2015
In 2014–2015, the experiments included two phases. During the

first phase (mid-August to early September), the migratory orien-

tation of garden warblers was studied in the natural magnetic

field (NMF) in Emlen funnels [44] under a simulated overcast

sky. We used modified Emlen funnels made of aluminium (top

diameter 300 mm, bottom diameter 100 mm, slope 458 with the

top opening covered by netting). On top of the Emlen funnels,

we put lids made of frosted glass which completely obscured

the stars and any other patterns but let enough light in. Thus,

the only orientation cue available to the experimental birds

during the test was the geomagnetic field. After testing the

birds for at least three and up to five times and receiving at

least two and up to five results when the birds were sufficiently

active, the birds were transferred to the second phase.

In the second phase of tests (early to late September), the

same birds were tested in the OMF in similar Emlen funnels

but made of cardboard (a dielectric material). The OMF was cre-

ated by coils 0.75 m in diameter, fed from a commercial,

stabilized, high-frequency generator and a custom-made broad-

band power amplifier, which served to match the generator

output with a 50 V coaxial cable 40 m in length. Each coil
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Figure 1. Average amplitude of the magnetic field noise measured at the
experimental site as a function of the central position of the 100 kHz detec-
tion window. Red curve is the signal measured using a single-loop non-
resonant antenna. Blue curve is the signal measured using a two-turn
loop resonant antenna. Top x-axis shows a low-frequency border of AM
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short-wave bands).
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comprised three wraps of isolated copper wire 1 mm in cross sec-

tion, fixed to a wooden frame. The cable transmitted the RF

current to coils and allowed us to place them at a distance

from the RF source assembly (generator, amplifier and power

supply). The source assembly was put into a wooden case,

placed in a clearing in reeds approximately 25 m along the

straight line from the centre of another clearing, where six

wooden tables for experimental cages were set up. The sound

of working devices was not discernible already 2 m apart from

the case and all the more near experimental tables; it was far

below the natural environmental noise. On the tables, up to 12

coils could be installed, two on each (the distance between RF

coils was approx. 0.5 m, between tables with various OMF con-

ditions—at least 2 m). Coils were connected in parallel by small

lengths of coaxial cable to the main RF cable and mounted so

that one side of the coil was raised above the tabletop to increase

the angle between the OMF and the NMF, which as a result was

approximately 308. Emlen funnels were placed on the tables, one

in the centre of each coil.

We used narrow-band RF fields with a frequency of

1.403 MHz, matching the Larmor frequency of a free-standing

electron spin in the local geomagnetic field of 50 100 nT, and

with amplitudes of 20, 7 and 1 nT (20, 7 and 1 nT subsamples,

respectively). In addition, the same garden warblers also were

tested in the NMF again (0 nT subsample, RF coils were turned

off ) simultaneously with experiments in the OMF. We did that

to control whether birds did not lose their motivation to migrate

after being kept in the aviary for a long time or changing their

direction of activity in the Emlen funnel during the second part

of the season according to the clock-and-compass concept [45].

The parameters of the OMF were controlled before and after

each test. To this end, we used a single wire loop 25 cm in diam-

eter, connected to a digital oscilloscope SDS 200A (SoftDSP,

Republic of Korea). The loop was placed consequently in the

centre of each coil. The periodic in time induction EMF was visu-

alized using the computer software SOFTSCOPE v. 2.5 (SoftDSP,

Republic of Korea), and its frequency and amplitude were

measured, and the latter recalculated into the amplitude of the

RF magnetic field.

Each bird was tested in the OMF randomly at least three

times but approximately the same number of times for each

OMF amplitude (20, 7, 1 and 0 nT). All tests in the OMF were

performed under frosted glass, so that the birds had no access

to astronomic orientation cues. Orientation tests during both

phases (in the NMF and the OMF) started at the beginning of

astronomical twilight and lasted for 40 min.
2.2.2. Experiments in autumn 2016
In 2016, we changed the design of our experiments to avoid the

effect of progress of season on orientation found in autumn 2015:

after catching and keeping them in an outdoor aviary for several

days, garden warblers were tested in three experimental con-

ditions at the same time (in the NMF and a 1.403 MHz RF field

with �0.4 and �2.4 nT amplitudes). Oscillating currents to feed

OMF coils were produced by a signal generator Rigol DG4162

(Rigol Technologies, Inc., Beaverton, USA). Parameters of the

narrow-band oscillating field were controlled with the same

0.25 m loop antenna as in previous years, connected to a digital

storage oscilloscope Tektronix 2012B (Tektronix, Inc., USA)

before and after each test.

All orientation tests were performed only in cardboard

Emlen funnels and lasted 40 min after the beginning of

astronomical twilight. We used the same size and position of

coils for the OMF as in previous experiments; the birds were

tested randomly at least three times in every experimental con-

dition. All tests were performed under frosted glass as in

previous years.
2.3. Measurements of frequency spectra of the ambient
electromagnetic noise and of the applied
oscillating magnetic field

In 2014–2015, the level of ambient magnetic noise was controlled

using the same equipment as for measuring the OMF amplitude,

and was found to be marginally detectable. In 2016, we

attempted a more accurate measurement of the magnetic noise

spectrum. To this end, we used a custom-made selective ampli-

fier/detector with a bandwidth of 100 kHz and sensitivity

threshold of 30 nV/Hz1/2 and two magnetic antennas with

different frequency responses. The first one was a single-loop

1.5 � 1.5 m antenna. In the measured frequency range of

0–10 MHz, its sensitivity was well fitted by the linear equation

for electromagnetic induction of a wire loop

U ¼ 2p � f � B � S, ð2:1Þ

where U is the detected voltage amplitude, B is the magnetic field

amplitude, f is its frequency and S is the loop area. The resulting

sensitivity threshold with this antenna was 10 pT at 1 MHz and

1 pT at 10 MHz. The second antenna consisted of two loops of

wire of the same size. The frequency response of this antenna

was affected by a broad resonance at f ¼ 6 MHz that required care-

ful calibration of this antenna, but at frequencies below this

resonance it had two times higher sensitivity (5 pT at 1 MHz).

The results of noise measurements are presented in figure 1. As

one can see from the graph, the main observed noise power is con-

centrated near the two bands of AM broadcast radio, 31 and 41 m,

and is probably emitted by radio transmitters. The measured noise

near the Larmor frequency is lower than 10 pT in the frequency

range 1.35–1.45 MHz.

The frequency spectrum of the AC voltage produced by our

generator was measured with a fast-Fourier-transform spectrum

analyser with a resolution bandwidth of 10 kHz, in laboratory

conditions. To facilitate comparison with the field measurements

of environmental noise and applied RF fields, the data were

recalculated into magnetic fields using the parameters of our

coil system. As seen from figure 2, the background noise level

of the generator is below the ambient noise at our experimental

site. The amplitude of the strongest of the higher harmonics is

approximately 300 times less than the main signal.
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We performed a series of tests to evaluate a possible influ-

ence of screening on the OMF amplitude inside the Emlen

funnel in the case of using aluminium funnels for RF experiments

(as in [38]). As expected from the electromagnetic theory, we

observed a strong screening of the vertical component of the

OMF, inducing eddy currents along the circumference of the alu-

minium funnel, which diminish the applied OMF according to

the Lenz rule. Horizontal components of the OMF were not con-

siderably screened, at least in the central part of the funnel. To

quantify the screening of the vertical component, we measured

the OMF amplitude in the centre of one of the 0.75 m inductor

coils that we used for generating RF fields. The coil was placed

horizontally on a wooden table, while an 11 cm loop antenna

was placed in its centre 8 cm above the table surface. An alu-

minium Emlen funnel used routinely for our static-field

experiments could be put on the table so that the loop antenna

was inside the funnel in its centre.
2.4. Data analysis and statistics
The directionality of the birds’ activity was recorded as scratches

left by their claws as they hopped in the funnels on a print film

covered with a dried mixture of whiting and glue. Two research-

ers independently determined each bird’s mean direction from

the distribution of the scratches. In most cases, the mean direc-

tion could be very precisely identified using the simple visual

estimation method [46]. If a pattern of scratches was not clear,

both persons independently counted scratches in each of 36,

108 sectors (some birds leave so many scratches that an exact

number of scratches cannot be counted, but must be estimated)

and used circular statistics software to assess the directionality

based on the numbers of scratches. The mean of the two obser-

vers’ determined directions was recorded as the orientation

result. If both observers considered the scratches to be randomly

distributed or if the two mean directions deviated by more than

308, the bird was considered to be not oriented in the given test.

Inactive (fewer than 40 scratches) tests and not sufficiently con-

centrated trials were excluded from analysis. We used the

double-blind control protocol: researchers who carried out be-

havioural experiments and quantified their results were not

aware of the OMF conditions in each table until the end of all

experiments.

The mean group directions were calculated based on individ-

ual mean directions. The significance of the mean group vectors

in each experimental condition was tested using the Rayleigh

test. Differences in the mean direction between experimental

groups were analysed using the non-parametric Mardia–
Watson–Wheeler test (MWW) [47]. We used the bootstrap tech-

nique [48] to test whether the significantly oriented group shows

more directed orientation behaviour than the non-significantly

oriented group (for details, see [49]). Circular statistics and boot-

strap analysis were performed in R 3.0.0 (www.r-project.org).

Confidence intervals for the magnitude of the orientation

vector r shown in figure 3 were calculated using the procedure

described in the electronic supplementary material.
3. Results
Garden warblers tested in the NMF during the first phase

were oriented in the seasonally appropriate migratory

direction in 2014 (a ¼ 1848, n ¼ 22, r ¼ 0.39, p ¼ 0.033; 95%

CI¼ 1438–2268; figure 4a) and 2015 (a ¼ 2058, n ¼ 16, r ¼
0.45, p ¼ 0.036; 95% CI ¼ 1648–2478; figure 4b). These two dis-

tributions were not significantly different from each other

(MWW: W ¼ 0.202, p ¼ 0.9; 99% CIs overlap: 99% CIs for

birds in 2014 and 2015 are 1308–2318 and 1518–2608, respect-

ively). Therefore, we pooled the data from the two years; the

overall direction of orientation was 1948 (n ¼ 38, r ¼ 0.41, p ¼
0.001; 95% CI ¼ 1648–2248; figure 4c). This direction fits well

the mean autumn migratory direction of the same species on

the Courish Spit according to recoveries of birds ringed

on the Courish Spit (2128, 95% CI ¼ 2048–2218; [50] and

unpublished data of the Biological Station Rybachy) and

the data obtained in previous experiments in Emlen funnels

in garden warblers (a ¼ 2478, 95% CI ¼ 2318–2648; a ¼ 2568,
95% CI¼ 2248–2888 [43,51]).

When we tested the experimental birds in a 20 nT RF field

(20 nT subsample), they could not choose any significant

direction in circular arenas (a ¼ 1298, n ¼ 13, r ¼ 0.03, p ¼
0.99; figure 5b). The same subsample was disoriented in the

NMF too, but showed a non-significant tendency to orient in

the southerly direction (a ¼ 1808, n ¼ 13, r ¼ 0.38, p ¼ 0.16;

figure 5a). When we tried to test the birds in a time-dependent

electromagnetic field with lower intensities, namely 1 and

7 nT, our expectation was that such weak oscillating fields

would not affect the orientation of the birds, because in a

previous study European robins did not lose their ability to

orient using their magnetic compass under a 5 nT OMF

[35]. However, garden warblers that had been significantly

oriented in the NMF towards the mean direction of 1858
(n ¼ 31, r ¼ 0.45, p ¼ 0.001, 95% CI ¼ 1568–2158; figure 5c)

http://www.r-project.org
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Figure 4. Orientation of garden warblers in the local geomagnetic field (NMF) during the first phase of experiments, autumn 2014 – 2015: (a) autumn 2014 (a ¼
1848, n ¼ 22, r ¼ 0.39, p ¼ 0.033; 95% CI ¼ 1438– 2268), (b) autumn 2015 (a ¼ 2058, n ¼ 16, r ¼ 0.45, p ¼ 0.036; 95% CI ¼ 1648– 2478) and (c)
2 years pooled (a ¼ 1948, n ¼ 38, r ¼ 0.41, p ¼ 0.001; 95% CI 1648– 2248). Here a is the direction of the mean vector, r is the length of the mean
vector (r varies from 0 to 1), n is the number of birds, p is the significance level and 95% CI is 95% confidence intervals. Dots denote individual directions
of each bird; arrow denotes the mean group vector; inner and outer dashed circles are 1 and 5% significance levels of the Rayleigh test, respectively. Radial
lines indicate 95% CI. The red triangle and letters mN are the position of the magnetic north.
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were disoriented in the RF field with a 7 nT amplitude (a ¼

2018, n ¼ 31, r ¼ 0.16, p ¼ 0.46; figure 5d ). Concentration of

their individual directions was significantly lower than in

the control condition ( p , 0.05; 95% CI for r-value in the

NMF is 0.26 , r , 0.66 according to bootstrap analysis).

Similar results were shown by the birds tested in a 1 nT

OMF (a ¼ 718, n ¼ 16, r ¼ 0.29, p ¼ 0.27; figure 5f ); the

same subsample showed significant orientation in the

autumn migratory direction in the NMF (a ¼ 2068, n ¼ 16,

r ¼ 0.45, p ¼ 0.036, 95% CI ¼ 1648–2478; figure 5e). Concen-

tration of directions shown by garden warblers in the 1 nT

RF field differed from the behaviour of the same birds in

the NMF ( p , 0.12, 88% confidence interval for r-value is

0.30 , r , 0.67 calculated by bootstrapping).

We also carried out additional orientation experiments in

the NMF again during the second phase (0 nT RF field sub-

sample) to control that our experimental birds did not lose

the ability to orient in the appropriate migratory direction

due to progress of season. In these experiments, garden war-

blers chose an atypical easterly direction during the second

phase (a ¼ 948, n ¼ 15, r ¼ 0.52, p ¼ 0.016, 95% CI ¼ 558–

1328; figure 5h), whereas the same birds had been significantly

oriented in the southwesterly migratory direction in the NMF

during the first phase (a ¼ 1988, n ¼ 15, r ¼ 0.49, p ¼ 0.024,

95% CI ¼ 1578–2398; figure 5g). The mean orientation of the

birds tested in the NMF for the second time was significantly

different from the results obtained in the same condition for

the first time (MWW: W ¼ 0.832, p ¼ 0.016 and 99% CIs do

not overlap: 99% CIs for birds in the NMF and the OMF are

438–1448 and 1448–2528, respectively).

To tackle this problem, we carried out orientation tests in

the NMF and OMF at the same time in autumn 2016. Unfortu-

nately, our experimental birds were not significantly oriented

in the NMF: a ¼ 2418, n ¼ 25, r ¼ 0.125, p ¼ 0.68 (figure 6a).

When we tested the same birds in the OMF with an amplitude

of approximately 2.4 nT, they did not show a directional pre-

ference (a ¼ 1398, n ¼ 21, r ¼ 0.201, p ¼ 0.44; figure 6b).

However, a very weak narrow-band electromagnetic field

(intensity approx. 0.4 nT) did not disrupt the magnetic com-

pass orientation of garden warblers that showed a significant

seasonally appropriate orientation (a ¼ 1838, n ¼ 26, r ¼
0.349, p , 0.05, 95% CI¼ 1408–2268; figure 6c).
The effect of the OMF on orientation ability of garden

warblers is summarized in figure 3, which shows the magni-

tude of the vector r calculated from all the data for all three

experimental seasons, as a function of the OMF amplitude.

The results of measurements of the OMF amplitude for

several frequencies with and without the aluminium funnel

are given in figure 7. In the frequency range from 0.2 to

5 MHz, the amplitude attenuation factor for the vertical

OMF due to the electromagnetic screening is not less than

100 (220 dB).
4. Discussion
It has recently been shown that garden warblers orient in the

seasonally appropriate migratory direction in the NMF in the

absence of all orientation cues except the geomagnetic field,

but lose this ability in the OMF with an amplitude of

190 nT and a frequency of 1.403 MHz [44]. Similar results

were shown in behavioural experiments with another song-

bird migrant, European robin, where the authors used

broadband (1–10 MHz) and narrow-band RF fields [34–36].

However, it does not agree with the recent report that Euro-

pean robins were disoriented in circular arenas in a weak

broadband OMF (2 kHz–9 MHz) but not in a narrow-band

OMF with a 1.363 MHz Larmor frequency [38].

In this study, we found that very weak narrow-band oscil-

lating fields, approximately 2.4 and 7 nT RF fields, could

disrupt the ability of garden warblers to choose the correct

migratory direction. This sensitivity is higher than that

reported for European robins that showed directional behav-

ioural activity in a 5 nT RF field but were disoriented in a

weak narrow-band OMF with a 15 nT amplitude [37]. Sur-

prisingly, garden warblers tested in the NMF again (0 nT

RF condition, figure 5h) during the second phase preferred

the easterly direction. It is not the typical migratory direction

for this species during autumn migration within Europe

according to ringing recoveries [50,52], and it differed from

the orientation of the same birds tested in the NMF for the

first time (figure 5g). We tested our birds in the NMF from

the middle of August to the beginning of September during

the first phase and from the middle of September to the
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Figure 5. Orientation of garden warblers when 1.403 MHz OMFs with various amplitudes were added to the local geomagnetic field, autumn 2014 – 2015. (b,d,f,h)
Orientation of the experimental birds (subsample) in the OMF during the second phase. (a,c,e,g) Orientation of the same birds (the same subsample) in the NMF
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p ¼ 0.016, 95% CI ¼ 558– 1328). For a description of the circular diagrams, see the legend to figure 1.
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beginning of October during the second phase. We suggest

that our data reflect the directional shift (Zugknick) of

young inexperienced birds during their first migration.

European garden warblers are known to move towards
the southwest in the first part of their autumn migration

[45,53] and to change towards much more easterly direc-

tions late in the season after they have (nearly) crossed the

Sahara [54,55].
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The results of our experiments indicate that the sensitivity

threshold of garden warbler magnetic compass to the disrup-

tive effect of a time-dependent electromagnetic field lies

below 5 nT. In the very weak approximately 2.4 nT RF

field, our birds were completely disoriented (figure 6b), but

showed a non-significant tendency to orient in the easterly

direction in a 1 nT RF field (figure 5f ). This is not the correct

migratory direction in the Baltic area, as discussed above, but

the same birds in the NMF showed similar directions at the

same time (figure 5h). We tested garden warblers in

autumn 2016 in differently designed experiments, in which

we started to test birds in the NMF condition and 2.4 and

0.4 nT oscillating fields at the same time, thereby avoiding

the calendar effect. Unfortunately, we did not obtain a signifi-

cantly oriented response from the birds in the NMF

(figure 6a), but the same garden warblers were oriented in

the southerly direction in the approximately 0.4 nT oscillating

field. These results suggest that this very weak RF magnetic

field does not disrupt the ability of garden warblers to

orient using the magnetic field and the sensitivity threshold

to such an influence lies around 2–3 nT. In a study with

another songbird migrant, European robin, this threshold

was found between 15 and 5 nT [35]. A possible explanation

of this difference is that different songbird species have

a somewhat varying ability to obtain directional information

from the magnetic patterns blurred by the OMF.
The dependence of the magnitude of the orientation

vector r, calculated from all data for 3 years (figure 3), illus-

trates the principal result of our work: the disruption of

magnetic orientation in garden warblers by the OMF

becomes evident when its amplitude exceeds 2–3 nT.

Indeed, orientation is significant at OMF amplitudes less

than or equal to 1 nT. At 2.4 nT, there is an insignificant ten-

dency to orientate in the correct direction, and above this

amplitude no traces of orientation remain.

It has recently been reported that European robins showed

oriented behaviour in the seasonally appropriate migratory

direction when tested in a narrow-band OMF but were

disoriented in a weak broadband RF field [38]. The authors

assumed that their results contradicted earlier reports [34–37]

because they carried out experiments in a laboratory shielded

from human-induced ambient electromagnetic noise. They

propose that the experiments performed in Frankfurt [36–38]

may have been influenced by the urban electromagnetic

noise and therefore the birds could have experienced unpre-

dictable RF fields during the experiments. This explanation

can hardly be applied to our earlier data [43]: in our exper-

iments, we did not use electromagnetic shielding and tested

our birds in a rural location where the level of electromagnetic

noise was low (figure 1). The spectral power density of the

magnetic noise in our location was similar to that inside the

shielded and grounded huts used in Oldenburg and much

lower than the ambient noise even in rural locations near Old-

enburg [56]. All our tests in the OMF were performed using

Emlen funnels made from dielectric materials because often-

used aluminium Emlen funnels strongly screen oscillating

fields. The screening is especially strong when the OMF is

applied vertically (figure 7), as was the case in the experiments

described in [38] (but not in the previous experiments with

electromagnetic noise by the same group [56]).

We independently confirmed the data of previous exper-

iments in European robins and garden warblers [34–36,43]

and showed that, at least in garden warblers, the disruptive

influence of a narrow-band OMF on their ability to orient

using the magnetic compass starts when the field amplitude

exceeds 2–3 nT. Orientation is significant at OMF amplitu-

des less than or equal to 1 nT; at 2.4 nT, garden warblers

show an insignificant tendency to orientate in the correct direc-

tion, and above this amplitude no traces of orientation remain.

The results of this and earlier studies agree with the qualitative
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predictions of the RPM and cannot be explained by any of other

existing theories, to the best of our understanding. However, on

the quantitative level, the fact that the OMF with the amplitude

of several nT may obstruct the magnetic orientation cannot be

explained by the RPM in its current form [41,43,57]. Probably, a

new hybrid chemical–ferromagnetic model of the avian mag-

netic compass [58] will be able to explain the disruptive effect

of very weak RF magnetic fields, but it needs to be verified

by further behavioural experiments and histological studies.
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