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Abstract 32 

Previously it has been shown that migratory birds were oriented in the appropriate 33 

migratory direction under UV, blue and green monochromatic lights (short-wavelength) and were 34 

unable to use their magnetic compass in total darkness and under yellow and red lights (long-35 

wavelength). Currently, it is generally assumed that the magnetic compass of birds works correctly 36 

only under short-wavelength light. However, at the same time, there is an assumption that the 37 

magnetic compass has two sensitivity peaks: in the short and long wavelengths but with different 38 

intensities. In this project, we aimed to study the orientation of long-distance migrants, pied 39 

flycatchers (Ficedula hypoleuca), in different monochromatic lights during autumn migration. The 40 

birds were tested in the natural magnetic field (NMF) and 120° CCW shifted magnetic field (CMF) 41 

under green and yellow light (intensity 1 mW m-2). All tests were performed in a specially 42 

constructed wooden laboratory equipped with magnetic coils to manipulate the magnetic field. We 43 

showed (1) pied flycatchers were completely disoriented under green light both in the NMF and 44 

CMF and (2) for the first time they showed the migratory direction in NMF and appropriate 45 

response to CMF under yellow light. Our data suggest that the avian magnetic compass might be 46 

based on two different mechanisms: a high-sensitive short-wavelength mechanism and a low-47 

sensitive mechanism in the long-wavelength spectrum.  48 
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Introduction 67 

Currently, it is well known that migratory birds can detect the Earth’s magnetic field and 68 

use it as a cue source for orientation and navigation [1,2]. Even though the ability of birds to use 69 

information from the magnetic field for orientation was first described in the 1960s [3], the 70 

sensory, physiological and biophysical mechanisms of this compass system have still remained 71 

unexplored. One of the most popular theories, the radical pair model (RPM), proposed for the first 72 

time by Klaus Schulten [4] and lately upgraded by Thorsten Ritz [5], assumes that animals have 73 

specialized magnetosensitive photoreceptors in the retina of the eye. According to this theory, the 74 

animal can perceive magnetic compass information through a process of light-dependent radical 75 

pair in cryptochromes, light-sensitive proteins present in all cells of the animal’s body and only 76 

know vertebrate photopigments that can form long-lived, spin-correlated radical pairs upon light 77 

absorption [5,6].  78 

The avian magnetic compass has two main key features, which correspond to the RPM: the 79 

light dependence and the sensitivity to weak oscillating magnetic fields (OMFs) in the 80 

radiofrequency range. The initial radical pair theory predicts that an oscillating magnetic field in 81 

the lower megahertz range (1–100 MHz) can disrupt the magnetic compass due to the electron 82 

paramagnetic resonance effect [5,7]. Disruption of magnetic orientation in the presence of OMFs 83 

has been suggested as a diagnostic tool for the radical pair reaction mechanism underlying the 84 

magnetic compass in different animal taxa [8–10], but see [11]. This effect of OMFs was 85 

experimentally observed in various studies performed by independent scientific groups in 86 

migratory [12–16] and non-migratory birds [17,18]. However, it should be noted that this model 87 

cannot fully explain the results of behavioural studies: 1) the sensitivity thresholds of the magnetic 88 

compass to OMFs in European robins and garden warblers are two orders of magnitude lower than 89 

what the mainstream theory predicts [19–22]; 2) there is no consensus among researchers whether 90 

the magnetic compass orientation of birds can be disrupted by both narrow-band (at the Larmor 91 

frequency) and broadband electromagnetic fields or only by broadband electromagnetic noise 92 

[14,15]; 3) a recent study showed the insensitivity of the avian magnetic compass to OMFs applied 93 

locally to the eyes [22].  94 

Magnetic compass orientation in birds (migratory and non-migratory) and several species 95 

of other animal taxa (butterflies, newts, frogs, beetles, and fruit flies) has been shown to be light-96 

dependent [17,23–30]. Results of various behavioural studies indicate that both the spectrum 97 

wavelength and light intensity play a crucial role in the ability of migratory birds to orient using 98 

information from the Earth’s magnetic field. Garden warblers Sylvia borin, Australian silvereyes 99 

Zosterops lateralis and European robins Erithacus rubecula are able to choose the appropriate 100 

migratory direction in orientation cages under full-spectrum (‘white’) light and different types of 101 
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monochromatic light from UV to green light (short-wavelength light, 373 -  565 nm) and show 102 

disorientation or a shifted response under long-wavelength light (from yellow to red, 590 - 645 103 

nm) or total darkness [23,31,40–46,32–39] (for more details about response of tested birds to 104 

different parameters of monochromatic light in behavioural studies, see Table S1). The intensity 105 

(irradiance mW/m2 and photon quantity) is the next crucial characteristic of light that affects the 106 

magnetic orientation of birds. It has been shown that high light intensity interferes with the ability 107 

to use properly the magnetic compass for orientation: birds were able to choose the appropriate 108 

migratory direction when tested under low-intensity UV (0.3 mW m-2, 0.8x1015 quanta s-1 m-2; 109 

[46]), turquoise (2.1 - 2.2 mW m-2, 7 - 8x1015 quanta s-1 m-2;  [38,43,47]), blue (2.4 - 2.8 mW m-2, 110 

8 - 8.7x1015 quanta s-1 m-2; [33,38,40,46,47] and green (0.2 - 3 mW m-2, 6 - 8.7x1015 quanta s-1 m-111 

2; [22,23,32–36,42,47]) monochromatic light. If the light intensity inside orientation cages was 112 

increased (by 2-5 times or more, depending on the spectrum of light), birds were disoriented or 113 

showed an axial response (for details, see Table S1).  114 

However, the relation between the avian magnetic compass and the parameters of light is 115 

more complicated than we can see above. In the absence of light (‘total darkness’), birds are active 116 

and able to orient but in a direction that does not correspond with the population-specific migratory 117 

direction and is independent of the migratory seasons (the same one in autumn and spring; [44,45]). 118 

According to the authors of this study, birds do not have the opportunity to use the light-dependent 119 

inclination magnetic compass under such light conditions and show a so-called ‘fixed direction’ 120 

response [44].  It is based on a magnetite-based magnetic polarity sense: 1) birds altered their 121 

headings accordingly when tested in the magnetic field with the horizontal component reversed 122 

and do not react to the inversion of the vertical component; 2) OMFs had no disruptive effect on 123 

such behaviour of birds in orientation cages; 3) “fixed direction” responses are disrupted when the 124 

birds’ beaks are treated with a local anaesthetic Xylocaine (lidocaine) which can deactivate 125 

putative magnetite-based magnetoreceptor in the upper beak ([2,48] but see [49]). The 1 hour pre-126 

exposure to a light condition other than full-spectrum light (total darkness and green light) affects 127 

the orientation behaviour of the tested birds and leads to disorientation or axial response when the 128 

birds are tested in green light, in contrast to blue or turquoise light ([47], but see [42]).  129 

Adding dim yellow (590 nm, 2.0 mW m-2) to blue (424 nm, 2.8 mW m-2) or green (565 130 

nm, 2.1 mW m-2) light results in an unusual behaviour of birds in orientation tests: they show 131 

direction which does not correspond to the normal seasonal migratory direction and differ between 132 

seasons [41], similar to orientation in total darkness. The authors of this study suggested that 133 

changes in orientation of birds under blue-yellow and green-yellow light were caused by 134 

interaction between two different receptors (short-wavelength and long-wavelength). Previously, 135 

a similar idea was proposed in another research carried out by Swedish scientists during autumn 136 
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migration: European robins were oriented west-northwest under low-intensity red light (1mW m-137 

2, 3.2x1015 quanta s-1 m-2; 5mW m-2, 16x1015 quanta s-1 m-2), while at high intensity (10 mW m-2, 138 

32x1015 quanta s-1 m-2) they were disoriented [39]. It allows us to assume that birds might have a 139 

light-dependent magnetoreception system based on two spectral mechanisms: a highly sensitive 140 

short-wavelength mechanism in the blue-green spectrum and a low-sensitive long-wavelength 141 

mechanism in the red spectrum. The existence of a similar system was observed in red-spotted 142 

newts Notophthalmus viridescens: they exhibited shoreward (normal) magnetic orientation under 143 

full spectrum light/ 450 nm light and 90˚ counterclockwise shifted orientation under light with 144 

wavelengths > 500 nm [25,50]. However, independent replication of this study in European robins 145 

and Australian silvereyes did not confirm these findings [45]: both species were oriented in a 146 

similar direction under dim red light (1mW m-2) as robins in the previous study, but this direction 147 

did not differ significantly between migratory seasons (spring and autumn) and light conditions 148 

(red light and total darkness). All of these indicate that it might be a ‘fixed direction response 149 

discovered previously by the same scientific group [40,44].  150 

Despite all the exceptions mentioned above, currently, it is generally accepted that birds 151 

can orient using information from the geomagnetic field only under short-wavelength light (from 152 

UV to green) and lose this ability in long-wavelength light (yellow and red). On the other hand, it 153 

is difficult to fully ignore the fact that orientation in long-wavelength light might be possible 154 

according to the results of behavioural studies in birds and other species that have not yet been 155 

fully explained [25,26,39,50,51]. In the present study, we aimed to investigate magnetic compass 156 

orientation in a new model species, long-distance migrant pied flycatcher Ficedula hypoleuca, 157 

under dim green and yellow light, which are on the “threshold” between the short-wavelength and 158 

long-wavelength light.  159 

 160 

Materials and methods 161 

Study site, model species and bird keeping 162 

The capture of birds and experiments were carried out in the vicinity of the Biological 163 

Station Rybachy on the Curonian Spit (Kaliningrad Region, Russia; 55°09′N, 20°52′E) in August-164 

September 2021-2022. As a model species, we used first-year pied flycatchers (male and female), 165 

common migrants, and a new object to study light-dependent magnetoreception in migratory birds. 166 

After capture by mist-nets, birds were placed in a laboratory aviary without access to any 167 

astronomical cues (stars and the sun) under an artificial photoperiod that corresponded to the 168 

natural one and was controlled by an IoT dimmer Shelly Pro 1 (Allterco Robotics, Bulgaria). Each 169 

bird was kept in a separate compartment of a cage (40×40×40 cm) and fed mealworms, mixed diet 170 

(eggs, carrot, breadcrumbs), and Padovan complete feed for insect-eating birds + a vitamin 171 
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supplement in pure water ad libitum. Fat score and weight of each bird were estimated every day 172 

for 3-4 days after trapping. If these parameters (fat and weight) constantly decreased for two days 173 

(which indicates a too high level of stress), we released these birds into the wild. The indoor aviary 174 

was equipped with IP cameras with infrared LEDs (840 nm) so that we could monitor the activity 175 

and behaviour of the birds in their cages in real time at night. For experiments, we selected only 176 

birds which exhibited migratory restlessness on a given night. 177 

All animal procedures (the capture of the birds and simple, non-invasive, behavioural 178 

experiments) were approved by the appropriate authorities: Permit 24/2018-06 by Kaliningrad 179 

Regional Agency for Protection, Reproduction and Use of Animal World and Forests; and Permit 180 

2020-12 by Ethics Committee for Animal Research of the Scientific Council (Zoological Institute, 181 

Russian Academy of Sciences). All birds were released at the end of all tests well before the 182 

migration of their conspecifics finished. 183 

 184 

Experimental setup and test conditions 185 

Before each test, the birds were kept in total darkness for at least an hour to avoid the 186 

cumulative effect in cryptochromes. According to the previous study, birds can use products of the 187 

first step in the redox cycle of FAD that accumulate before the light is turned off. If you then test 188 

birds under artificial light conditions (darkness, monochromatic lights, etc.), it can lead to a false 189 

directional result [52]. 190 

All birds were randomly tested under different light and magnetic experimental conditions: 191 

1) green light and the natural magnetic field (NMF); 2) green light and a changed magnetic field 192 

(CMF) with magnetic north deflected 120° counterclockwise (120˚ CCW); 3) yellow light and the 193 

NMF; 4) yellow light and 120˚ CCW CMF. Experimental magnetic fields were produced by a 194 

double-wrapped, three-dimensional Merritt four-coil system (‘magnetic coils’ hereafter). This 195 

Merritt coil system generates a field with >99% homogeneity within a space of ca. 110 × 110 × 196 

110 cm. Each of the three axes of coils was driven by a separate constant current power supply 197 

BOP 50-4M (Kepco Inc., USA) placed along with the coils’ control box in a shielded and grounded 198 

box, located about 2 meters from the Merritt coil system. The box reduced the sound of working 199 

power supplies so it was by far below the level of natural environmental noise near the 200 

experimental setup and could not be an audible position cue for tested birds. We did not find any 201 

effect of working power supplies on bird orientation according to the results of our previous studies 202 

in which the same power supply box was used [53–55]. The parameters of the magnetic field were 203 

checked in the centre of the experimental table and opposite corners using a FMV400 portable 204 

magnetometer (Meda Inc., USA) before and after each test night. The average magnetic 205 

measurements over all test days under the NMF condition: intensity 50463 ± 104 nT (mean ± sd) 206 
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and inclination 70.11° ± 0.55;  under the CMF condition: intensity 50468 ± 105 nT, inclination 207 

70.21° ± 0.42° and declination (horizontal direction) -119.97° ± 0.11°.  208 

Behavioural experiments under artificial light conditions took place in a non-magnetic 209 

laboratory chamber specially constructed around the magnetic coils (Figure S1). We used 210 

professional LED strips (Arlight, Russia) as a light source of monochromatic lights (see parameters 211 

and spectrum of LEDs in Figure S2 and Table 1). LED strips were mounted on an aluminium 212 

frame (under the chamber ceiling, Figure S1B) and fed by a Rigol DP711 programmable DC power 213 

supply (Rigol Technologies, Inc., Beaverton, USA) which was placed in the power supply box 214 

(mentioned above). The LI-1500 lightmeter (LI-COR Inc., USA) with a LI-190R terrestrial 215 

quantum sensor was used to measure the level of light intensity (in quanta). Measurements in 216 

irradiance (mW m-2) under monochromatic lights were taken by the P-971-1 optometer (Gigahertz 217 

Optik, Germany) and the probe ‘Visible’ RW-3703-2, a silicon photo element for the wavelength 218 

range 400-800 nm (with specific calibrations for the wavelengths of the LEDs; [52]), in full 219 

spectrum natural light (outside) and ‘total darkness’ (inside) were taken by the LI-1500 lightmeter 220 

with the LI-200R pyranometer sensor. We measured the spectrum of LEDs using the MK350N 221 

PREMIUM handheld spectrometer (UPRtek Inc., Taiwan). All measurements of light intensity 222 

and spectrum have been taken inside the orientation cages under Plexiglass lids, at the level of the 223 

birds’ head.  224 

Parallel / before the experiments under monochromatic lights in the laboratory chamber 225 

(see dates of experiments under each experimental condition in Table S1), the birds were tested 226 

under natural light conditions (full-spectrum light) with (autumn season 2021) and without access 227 

to stars (autumn seasons 2021-2022) to make sure that our birds were in migratory condition and 228 

could show species-specific migratory direction in orientation cages. All experiments under 229 

natural light condition were performed outdoors on wooden tables placed in the clearing of reeds 230 

on the coast of the Courish Bay near the laboratory chamber. This experimental place is in a rural 231 

location with low levels of radio-frequency noise according to our previous [14] and recent 232 

measurements of RF performed in 2022 (unpublished data) using a calibrated active loop antenna 233 

FMZB 1512 (Schwarzbeck Mess-Elektronik, Germany) and a spectrum analyzer Rigol DSA815-234 

TG (Rigol Technologies, USA). In 2022 after the birds were tested under the monochromatic light 235 

condition in the NMF and the CMF, they were tested again under the NMF condition in so-called 236 

“total darkness” (when all light sources inside the laboratory chamber were turned off).  237 

Orientation tests and data analysis  238 

All orientation experiments (in full-spectrum and monochromatic lights) started at least 1 239 

hour after local sunset (usually at the beginning of astronomical twilight, when the all tested birds 240 

started to show nocturnal restlessness in cages) and lasted 25-30 min for each experimental 241 
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condition. We used Emlen funnels (the diameter of the upper part - 34 cm, the lower part - 10 cm, 242 

the height - 14 cm, the angle of the wall- 45°, material – aluminium; [56]) to analyze the direction 243 

of birds’ activity under different lights. In all experiments (except tests in full-spectrum light + 244 

stars) on top of Emlen funnels, we put lids made of opaque glass (Plexiglass XT, 3 mm, 70% 245 

transmission) which completely obscured stars and any other patterns (landscapes, magnetic coils, 246 

etc) and diffused light from LEDs. Thus, the only orientation cue available to experimental birds 247 

during the test was the Earth’s magnetic field.  248 

The directionality of the birds’ activity was recorded as scratches left by their claws as they 249 

hopped in the funnels on a print film covered with a dried mixture of whitewash and glue. The 250 

data (each bird’s mean direction from the distribution of scratches) were analysed by 3 independent 251 

researchers (2021: N.R., A.F., Dmitry Sannikov; 2022: A.Pr, Dmitry Sannikov, Julia Bojarinova), 252 

who did not know under which magnetic conditions (CMF or NMF) a particular bird was tested. 253 

In most cases, the mean direction could be very precisely identified using the simple visual 254 

estimation method [57]. If a pattern of scratches was not clear, the scratches were counted in each 255 

of 36 10 ° sectors, and we used a custom-written script to assess the directionality based on the 256 

number of scratches. The mean of the directions determined directions was recorded as the 257 

orientation result. If at least two observers considered the scratches to be randomly distributed or 258 

if the two mean directions deviated by more than 30º, the bird was considered to be not oriented 259 

in the given test. If the number of scratches was fewer than 40 scratches, the bird was considered 260 

to be inactive in a given test. 261 

 For the final analysis, we included the results of the birds tested at least two times with at 262 

least one result significantly oriented according to the Rayleigh test [58] at the 5% significance 263 

level. We performed additional distribution analysis (maximum likelihood analysis) for our 264 

samples using the CircMLE R package, as it was described in [59], to be fully sure that our birds 265 

showed unimodal orientation under different experimental conditions. The nonparametric Mardia-266 

Watson-Wheeler (MWW test) test was used to test the significance of the difference between the 267 

orientation of pied flycatchers under different conditions. The data used for the final analysis are 268 

accessible in Table S2 in the Supplementary Materials. Circular statistics were performed in 269 

Oriana 4.02 (Kovach Computing Services, UK). Additionally, we used the bootstrap technique 270 

[60] to identify whether significantly oriented groups showed significantly more directed 271 

behaviour than non-statistically significantly oriented groups. According to this method, a random 272 

sample of orientation directions (n angles) was drawn with replacement from the sample of 273 

orientation directions present in the significantly oriented group. Based on these n orientation 274 

angles, the corresponding p-value was calculated, and this procedure was repeated 100 000 times 275 

[13,61]. After that, the resulting 100,000 R-values are ranked in ascending order: the r-values at 276 
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rank 2500 and 97500, at rank 500 and 99500 define the 95% and 99% limits for the actually 277 

observed r-value of the significantly oriented group, respectively. If the actual observed r-value of 278 

the disoriented group is outside these confidence intervals, the oriented group is significantly more 279 

directed than the disoriented group with a significance of p < 0.05 and p < 0.01, respectively. 280 

Circular statistics were performed Oriana 4.02 (Kovach Computing Services, UK). Bootstrap and 281 

maximum likelihood analysis were performed in R 4.1.1 [62]. 282 

 283 

Results 284 

Under full spectrum (natural) light pied flycatchers showed the seasonal population-285 

specific migratory direction in southwest without the opportunity to obtain directional information 286 

from astronomical cues (under plexiglass lids, 2021-2022: α = 212°, n = 28, r = 0.491, p < 287 

0.001, 95% CI=183˚-241˚, Fig. 1A) and with access to stars (2021: α = 212°, n = 18, r = 0.643, p 288 

< 0.001, 95% CI=187˚-237˚, Fig. 1B). The mean direction of birds obtained in the control tests 289 

under natural light was similar to the mean autumn migratory direction of the same species on the 290 

Curonian Spit according to ringing data [63] and previous laboratory and field studies [53,64]. 291 

Experiments in monochromatic green light showed that the birds could not determine the 292 

migratory direction in the natural (α = 115°, n = 10, r = 0.199, p = 0.68; Figure 2A) and 120˚ CCW 293 

rotated magnetic fields (α = 238°, n = 12, r = 0.168, p = 0.72; Figure 2B). Results of the bootstrap 294 

analysis indicate that orientation results under green light conditions were significantly more 295 

random than in NMF under yellow light in 2021 (NMF_yellow_2021 - NMF_green_2021: p < 296 

0.01; 95% CI for r-value is 0.48 < r <0.86;  99% CI for r-value is 0.44 < r <0.94, Fig S3A) and in 297 

CMF under yellow light (CMF_yellow_2022 - CMF_green_2022: p < 0.01; 95% CI for r-value is 298 

0.42 < r <0.93;  99% CI for r-value is 0.38 < r <0.94, Fig S3B).  299 

Surprisingly, under monochromatic yellow light, the birds showed the seasonally expected 300 

migratory direction under NMF condition (α = 195°, n = 26, r = 0.7, p < 0.001, 95% CI = 177˚ - 301 

214˚, Figure 2C). The orientation under this experimental condition was not significantly different 302 

from the orientation of the same birds in similar magnetic condition under natural full-spectrum 303 

light (the MWW test: W = 1.94, p = 0.38 and both 95 and 99% confidence intervals of these 304 

distributions overlap: 99% CI in natural light: 174˚ – 250˚, 99% CI in yellow light: 171˚ – 220˚).  305 

When we turn the horizontal component of the magnetic field by 120˚ counterclockwise, pied 306 

flycatchers apparently responded to such magnetic field manipulation (α = 57°, n = 28, r = 0.5, p 307 

< 0.001, 95% CI = 29 - 85, Figure 2D). The orientation of pied flycatchers under the CMF 308 

condition under yellow light was significantly different from the orientation of the same birds in 309 

NMF both under yellow and full spectrum light (the MWW test: W = 31.2, p << 0.001 and W = 310 

25.4, p << 0.001, respectively), their 95 and 99% do not overlap (99% CI in CMF yellow light: 311 
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20˚ – 93˚) and both confidence intervals (95 and 99%) under the CMF yellow light condition 312 

include the expected 120˚ CCW rotation relative to mean direction in the NMF (α = 75°). 313 

According to the results of the maximum likelihood analysis, birds showed unimodal orientation 314 

under the majority of experimental conditions (Table S3), with the exception in total darkness, 315 

where a bimodal alternative is suggested, probably due to a small sample size. 316 

 317 

Discussion 318 

Experimental data obtained in this project clearly show that long-distance songbird 319 

migrants, pied flycatchers, are not able to use their magnetic compass under low-intensity green 320 

monochromatic light. These results contradict the generally accepted conclusion that light-321 

dependent magnetoreception in migratory birds takes place only under full-spectrum or 322 

monochromatic light from UV to green [65,66]. In our experiments, we used green LEDs with a 323 

peak wavelength of 530 nm which was in the middle between turquoise (502-510 nm) and green 324 

(560-571 nm) light used in previous studies [23,38,39,43]. However, as it has been mentioned in 325 

Methods, the birds were transported (in opaque textile bags) from the windowless aviary to the 326 

temporary wooden house (on the experimental site) at least 1 hour after the lights in the aviary 327 

were turned off. Under this condition, they did not have the opportunity to use the products of the 328 

first stage in the redox cycle of FAD that accumulated under full-spectrum or UV/blue light, 329 

according to the theory proposed by Wiltschko’s lab [47,52]. Flavin adenine dinucleotide (FAD) 330 

is the light-absorbing cofactor of cryptochromes (its ‘light antenna’) and exists in three different 331 

redox states with different absorption spectra (FADox, FADH˙ and FADH- ). During the first stage 332 

of the redox cycle, the fully oxidised state, FADox, reduces to the neutral semiquinone radical 333 

FADH˙ after absorption of full-spectrum or monochromatic light with wavelengths from UV to 334 

blue (peaks of absorption at 360 and 470 nm) [66,67]. FADH˙, which forms a magnetic sensitive 335 

radical pair with a tryptophan radical [68], can be further light-independently reoxidised to FADox 336 

or photoreduced by UV - green light (peaks of absorption at 495 and 580 nm) to FADH-, which is 337 

then reoxidised to FADox without light [17,66,67]. Green light itself cannot photoreduce FADox 338 

and start this redox cycle, but the magnetic orientation of birds under this spectrum is possible, as 339 

the results of various behaviour studies prove, but only for less than 1 hour. Birds lost their ability 340 

to use the magnetic compass in orientation experiments under green light condition after 1 hour of 341 

pre-exposure to total darkness/green light or 1 hour of testing in green light, in contrast to blue or 342 

turquoise light [47]. Our results of experiments in monochromatic green light with another peak 343 

wavelength (530 nm vs 565 nm) independently confirm this suggestion: under this light condition 344 

accumulated supply of  FADH˙ enables the second part of the redox cycle to run further to FADH- 345 

and then to FADox only if birds are tested immediately/shortly after the lights in an indoor aviary 346 
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are turned off [31,38] or birds are kept in an outdoor aviary under full-spectrum natural light before 347 

tests [22,69]. The intensity of green light in our experiments was at least two times lower than in 348 

the majority of prior studies performed in different species ([35,42,45,47]; see Table S1 for details) 349 

and it can explain disorientation of pied flycatchers. However, the results of some other studies 350 

indicate that European robins and garden warblers were able to choose the appropriate migratory 351 

direction under the same or even lower intensity of green light (1 and 0.2-0.3 mW m-2; [22,36,39]).  352 

In contradiction to our assumptions and the theory mentioned above, pied flycatchers were 353 

oriented under dim yellow light towards southwest in the natural magnetic field. The southwesterly 354 

direction corresponds to the expected migratory direction, which is typical for pied flycatchers 355 

from the eastern Baltic [53,64,70]. It should be noted that the same birds showed similar direction 356 

under different experimental conditions: full-spectrum natural light under stars/without them (Fig. 357 

1 A, B) and low-intensity yellow light with access only to the magnetic field as a cue source (Fig. 358 

2C). Along with highly expressed nocturnal restlessness before tests, these findings allow us to 359 

assume that our birds exhibited true migratory behaviour in all mentioned cases and use the 360 

magnetic field as a compass cue source in the absence of astronomical cues. Additionally, pied 361 

flycatchers properly responded to the deflection of the horizontal component of the magnetic field 362 

(120˚ counterclockwise) and changed their orientation from southwest to northeast. All of this 363 

strongly indicates for the first time that pied flycatchers are able to choose migratory direction 364 

under dim yellow light using only the magnetic compass.  365 

This finding is not in the line with orientation experiments in songbird migrants (garden 366 

warblers and European robins) conducted under 590 nm yellow (2.9 mW m-2 or 7 - 43x1015 quanta 367 

s-1 m-2) or 567.5 nm green-yellow (1 and 5 mW m-2 or 2.9 and 14x1015 quanta s-1 m-2) and resulted 368 

in disorientation [33,35,38,69]. There might be two explanations for these contradictive results:  369 

1) Orientation of pied flycatchers under monochromatic yellow light is not true magnetic 370 

compass orientation but a ‘fixed direction’ response, previously shown in ‘total 371 

darkness’ or dim red light with the same intensity (1 mW m-2; [44,45]). We might 372 

completely exclude the possibility that the birds showed such type of behaviour under 373 

dim yellow light in our autumn experiments only if they would be tested again in the 374 

magnetic field with an inverted vertical component or during spring migration and 375 

reverse their headings or show the seasonally appropriate migratory direction in spring, 376 

respectively. Both European robins and Australian silvereyes showed similar west-377 

northwesterly direction regardless of the migratory season under different light 378 

conditions: total darkness, dim red light (1 mW m-2) and high-intensity green light (15 379 

mW m-2 or 43x1015 quanta s-1 m-2; [34,36,40,44,45]). Therefore, the ‘fixed direction’ 380 

response is characterized by the same directional tendencies not only in spring and 381 
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autumn (regardless of the migratory direction) but also in different species. However, 382 

orientation of pied flycatchers under dim yellow light differs from the typical ‘fixed 383 

direction’ response: the birds were oriented in appropriate southwesterly migratory 384 

direction (not in NW as other species do) and preferred different direction in total 385 

darkness (Fig. 1C). Orientation of pied flycatchers in total darkness seems to be ‘fixed 386 

direction’ response: they were active and headed in the northeasterly direction which 387 

is not a seasonally appropriate migratory direction in autumn for this species 388 

[53,64,71]. This suggests that the southwesterly headings under dim yellow light may 389 

represent true magnetic compass orientation but not the type of response of the birds in 390 

total darkness and dim red light.   391 

2) As it has been proposed in previous studies in newts and European robins [26,39], the 392 

yellow-light magnetic orientation in pied flycatchers can be explained by the existence 393 

of a low-sensitive long-wavelength (yellow-red) mechanism along with a high-394 

sensitive short-wavelength (UV-blue) mechanism of light-dependent 395 

magnetoreception. Although the fact that European robins have a second peak of 396 

sensitivity to monochromatic light in the red spectrum [39] has not been confirmed in 397 

an independent study [45], support the involvement of the long-wavelength mechanism 398 

in avian magnetoreception can be given by several behavioural studies. When yellow 399 

light was added to blue and green, the birds showed fixed directions towards the south 400 

under blue-and-yellow and towards the north under green-and-yellow in both spring 401 

and autumn [41]. According to the authors of this study, the cause of such unusual 402 

orientation might be a complex interaction of a short-wavelength and a long-403 

wavelength receptors. In another study, European robins, pre-exposed to red light 404 

before tests, were oriented in a seasonal migratory direction under the same red light, 405 

in contrast to the birds pre-exposed to total darkness or full-spectrum light [42]. Results 406 

of this study indicate that the birds are able to orient under long-wavelength light but 407 

only after acclimation to specific light condition. A similar adaptation of the avian 408 

magnetic compass to new experimental condition was discovered in experiments with 409 

functional window: testing of European robins in the magnetic field weaker or stronger 410 

than the local one leads to disorientation [66]. However, after staying in the magnetic 411 

field with higher or lower intensity, birds are able to orient at the respective intensity 412 

[72,73]. Furthermore, it has been shown in neurophysiological and 413 

immunohistochemical studies that cells in the nucleus of the basal optic root and the 414 

optic tectum of homing pigeons exhibit responses to changes in the direction of the 415 

magnetic field with peaks under 503 and 582 nm light ([74], but see [51]) and 416 
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illumination of 590 nm yellow light leads to a stronger antiserum labelling in Cry1a 417 

than under 565 nm green light [75].  418 

Conclusion 419 

Many species of passerine birds are diurnal animals but migrate during the night 420 

developing nocturnal activity or restlessness (in German known as ‘Zugunruhe’; [76]) before the 421 

start of migration. However, the use of light-dependent magnetoreceptor at night faces challenges:  422 

dramatic changes in the spectral composition and intensity of light after local sunset. The spectral 423 

composition of light changes substantially during sunset and at twilight (civil, nautical, and 424 

astronomical) in the absence of artificial light pollution. After the disappearance of the sun’s disk 425 

under the horizon, red-shifted direct light and blue-shifted scattered light from the sun dominate 426 

during civil twilight [77] and then the spectrum shifts to the shorter wavelength, with an intensive 427 

blue peak [78] due to the absorption of long-wavelength light by the ozone layer (nautical twilight) 428 

[79]. At astronomical twilight, when the sun is more than 12° below the horizon and all of its signs 429 

disappear, the spectral composition depends on the presence or absence of moonlight and mostly 430 

long-wavelength. At full moon night the spectrum is close to the typical daylight spectrum ([80], 431 

see more details in [77]) and in the absence of the moon, there is the long-wavelength-shifted 432 

starlight spectrum with several peaks (at 560, 590, 630 and 684 nm [80,81]). In urban areas with 433 

light pollution, the spectral composition is similar to the light spectrum mentioned above at civil 434 

twilight, but it is strongly influenced by artificial light at nautical twilight and is fully dominated 435 

by such illumination with a broad peak centred at 590 nm starting with astronomical twilight and 436 

at night [78,80]. The intensity of light at visible wavelengths (400-700 nm) changes rapidly from 437 

1018 quanta s-1 m-2 (photon quantity) or 1-10 W m-2 (irradiance) at sunset to 1013 quanta s-1 m-2 (a 438 

starlit night)/1015 quanta s-1 m-2 (a moonlit night) or 10-4 – 10-5 W m-2 and lower after the end of 439 

nautical twilight ([78,80,82]; Figure 3).  440 

Currently, we do not know for sure when nocturnal migratory birds select their migratory 441 

direction: at sunset and civil twilight when they usually calibrate their compass systems [53,83,84] 442 

or show non-flight activity [85] or during the whole night from sunset to sunrise. Most species 443 

begin their migratory flights in the wild or nocturnal restlessness in cages within 1–2 h after sunset, 444 

according to radiotelemetry, cage and radar studies [86–91]. Therefore, the avian magnetic 445 

compass should be adapted to different spectrum and light intensities that migratory birds face 446 

with throughout the night. And the existence of two light-dependent mechanisms which involve 447 

different cryptochromes might help them. One of the putative molecule candidates, Cry1a, is 448 

localized in the photoreceptor outer segments of the ultraviolet/violet (UV/V) cones in migratory 449 

(European robin and Eurasian blackcap) and non-migratory species (zebra finch and domestic 450 

chicken) and homing pigeon [92,93]. UV/V cones are the only cone type without oil dops that play 451 
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a role of spectral filters and cut off short-wavelength light [94], so Cry1a, which has been 452 

suggested to be excited by blue light to form radical pairs ([95], but see [92]) is a good candidate 453 

for a high-sensitive short-wavelength receptor in this two receptors/mechanisms model. On the 454 

other hand, Cry4, which is currently considered to be the most likely light-dependent 455 

magnetoreceptor [96], has been detected in double cones and long-wavelength single (LWS) cones 456 

[96,97]. Avian LWS and double cones contain an oil droplet that cuts off wavelength below about 457 

570 nm [94,98] required for cryptochrome photoreduction, thus Cry4 could play a role of a yellow-458 

light sensor in the long-wavelength mechanism of avian magnetoreception.  459 
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Table 1. Light conditions in orientation cages during experiments. 764 

Light intensities are given in radiometric irradiance (mW m-2) and photon quantities (quanta s-1 m-765 

2),  m – monochromatic light condition. 766 

Monochromatic 

light 

The peak 

wavelength, 

nm 

Half 

bandwidth, 

nm 

Range of half 

bandwidth,  

nm 

Irradiance, 

mW m-2 

Photon quantities, 

×1015 quanta s-1 

m-2 

Green 530 29 517 - 546 1 2.9 

Yellow 589 16 580 - 596 1 4.2 
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Figure 1. Orientation of juvenile pied flycatchers under different full-spectrum light conditions 795 

and total darkness: A) outdoor experiments without access to stars (under Plexiglass lids), 2021-796 

2022; B) outdoor experiments with access to stars, 2021; C) indoor experiments in “total 797 

darkness”, 2022. Each dot at the circle periphery indicates the mean orientation of one individual 798 

bird; the colour dots in A indicate orientation of birds in different years: 2021 (red) and 2022 799 

(blue). The inner and outer dashed circles represent the 1 and 5 % significance levels of the 800 

Rayleigh test, respectively. Geographic (gN) and magnetic (mN) Norths correspond to 0° (local 801 

declination is 6°), and radial lines indicate the 95 % confidence intervals [CI] for the group mean 802 

orientation direction. 803 
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Figure 2. Orientation of juvenile pied flycatchers under different monochromatic light conditions: 820 

A) green light, the natural magnetic field (NMF), 2021; B) green light, 120˚ counterclockwise 821 

rotated magnetic field (120˚ CCW CMF), 2021; C) yellow light, the natural magnetic field (NMF), 822 

2021-2022; D) yellow light, 120˚ counterclockwise rotated magnetic field (120˚ CCW CMF), 823 

2021-2022. gN – geographic North, mN – magnetic North. For a description of the circular 824 

diagrams, see the legend of Figure 1. 825 
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Figure 3. Intensity of natural light (photon quantity (A) and irradiance mW m-2 (B)) changes in 835 

downwelling illumination as a function of time after sunset measured at our experimental place. 836 

Green and yellow dashed lines indicate monochromatic light intensity (green and yellow) used in 837 

indoor experiments.  838 

A 839 
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