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Abstract

Migratory birds use several different sources of orientation information. They 
have at least three compass systems based on different cues: the sun and po-
larized light, the stars and their constellations, and the geomagnetic field. The 
concurrent information obtained from these three compasses is redundant, 
therefore the compasses need to have a hierarchy and must be calibrated rela-
tive to each other. One of the compasses should dominate the others, or some 
orientation cue should be used to calibrate the remaining compass systems. 
Results of experiments on a variety of songbird species demonstrate that while 
astronomical cues calibrate the magnetic compass during the pre-migratory 
period, strategies used during the migratory period are more diverse. In the 
present review, we analyze the results of all crucial cue-conflict studies, mostly 
performed in nocturnal songbird migrants; we also try to understand why some 
migratory species calibrate their magnetic compass on sunset cues while oth-
ers use the geomagnetic field or stars as a primary cue source, and we examine 
why the previous hypothesis could not explain the findings of all cue-conflict 
experiments.
Keywords: hierarchy, compass systems, compass calibration, magnetic com-
pass, stellar compass, sun compass, orientation, migratory birds, migration.

Introduction

Billions of birds migrate from breeding grounds to wintering places and vice ver-
sa every year. To do this, according to the “map-and-compass” model proposed 
by Gustav Kramer in the 1950s (Kramer, 1950, 1953, 1957), they have to locate 
the goal of their migration without any direct sensory contact with it first (the 
“map” step) and then to select the direction towards that goal and maintain it 
during a migratory flight (the “compass” step). Most migratory birds use compass 
information from various sources such as the stars and their constellations (Sauer, 
1957; Emlen, 1967a, 1970), the sun’s position and patterns of skylight polariza-
tion (Kramer, 1957; Able, 1982; Schmidt-Koenig, 1990) and the geomagnetic field 
(Wiltschko and Wiltschko, 1972, 2019). Compass information obtained by birds 
from these cue sources can be contradictory, therefore compass systems should 
be calibrated with respect to a common reference system, and one of the com-
passes might dominate over other ones. 

A review of this phenomenon was published in 2012 (Liu and Chernetsov, 
2012). Since then, several new studies have been published in which researchers 
performed cue-conflict experiments and obtained results that did not support 
the hypothesis suggesting a crucial role of the sky view near the horizon pro-
posed by Muheim et al. (2006a) and later updated in ‘extended unified theory’ by 
Sjöberg and Muheim (2016). In the present review, we tried to understand why 
some migratory species calibrate their magnetic compass on sunset cues, whereas 

Citation: Pakhomov, A. and Chernetsov, N. 
2020. A hierarchy of compass systems in 
migratory birds. Bio. Comm. 65(3): 262–276. 
https://doi.org/10.21638/spbu03.2020.306

Authors’	information: Alexander 
Pakhomov, PhD, Researcher, orcid.
org/0000-0001-8092-4817; Nikita 
Chernetsov, RAS Corresponding Member, 
Dr. of Sci. in Biology, Professor, orcid.
org/0000-0001-7299-6829

Manuscript	Editor: Pavel Skutschas, 
Department of Vertebrate Zoology, Faculty 
of Biology, Saint Petersburg State University, 
Saint Petersburg, Russia

Received: April 14, 2020; 

Revised: June 9, 2020; 

Accepted: July 6, 2020.

Copyright: © 2020 Pakhomov and 
Chernetsov. This is an open-access article 
distributed under the terms of the License 
Agreement with Saint Petersburg State 
University, which permits to the authors 
unrestricted distribution, and self-archiving 
free of charge.

Funding: The reported study was supported 
by a grant from the Russian Foundation 
for Basic Research 19-14-50676 to A.P. and 
by the Zoological Institute RAS (Research 
Project AAAA-A19-119021190073-8).

Competing	interests: The authors have 
declared that no competing interests exist.

mailto:sasha_p.bio@mail.ru
https://doi.org/10.21638/spbu03.2020.306


BIOLOGICAL COMMUNICATIONS, vol. 65, issue 3, July–September, 2020 | https://doi.org/10.21638/spbu03.2020.306 263

A
N

IM
A

L 
BE

H
A

VI
O

U
R

others use the geomagnetic field or stars as a primary 
cue source, and why the previous hypothesis discussed 
below could not explain the findings of all cue-conflict 
experiments. We mainly focus on the relationship be-
tween the magnetic compass system and celestial cues, 
analyze the after-effects of exposure to cue conflict dur-
ing the pre-migratory period and migrations, and brief-
ly discuss the interrelationships between the magnetic 
and stellar compasses. Our predictions and analysis 
of this phenomenon are mostly based on experiments 
performed in nocturnal songbird migrants (with a no-
table exception of one study of waders) in which birds in 
experimental and control conditions were significantly 
oriented and showed the seasonally appropriate migra-
tory direction in the control condition. 

Cue-conflict	experiments

Cue-conflict experiments are one tool of choice for study-
ing interrelationships among the different compass sys-
tems in migratory birds. In such experiments, birds are 
given conflicting directional information from two or 
more orientation cues. This type of experiment can be 
divided into two groups: one is magnetic cue-conflict ex-
periments in which the cue conflict between compass sys-
tems is organized by changing the geomagnetic field (for 
example, when the horizontal component of the magnetic 
field is rotated clockwise or counterclockwise, leaving nat-
ural celestial cues undisturbed; Fig. 1A). If manipulation 
of the geomagnetic field by magnetic coils is challeng-
ing (for example, if it isn’t possible to buy/build relatively 
expensive and complicated equipment such as magnetic 
coils or transport them to the experimental site), one can 
perform celestial cue-conflict experiments. In such ex-
periments researchers usually change the directional in-
formation from the sun (using mirrors to alter the sunset 
point or polarizing filters to create artificial polarization 
patterns, or shifting the birds’ internal clock in clock-shift 
experiments) or stars (rotating an artificial starry sky in a 
planetarium) in the natural magnetic field (Fig. 1B). Mag-
netic field manipulation is generally preferable to manip-
ulation of celestial cues, because it is very challenging to 
realistically simulate the natural polarization patterns by 
polarizing filters or natural starry sky in a planetarium, 
and it is always possible to argue that the resulting pat-
tern is not sufficiently realistic. When birds are exposed to 
artificial polarized light in outdoor experiments, it is too 
difficult to distinguish whether the observed responses 
are true compass responses or simply alignments along 
the polarization axis or responses to artefacts produced by 
polarizers (Muheim, 2011). For instance, Eurasian black-
caps Sylvia atricapilla tested in Emlen funnels with polar-
izers responded differently to a shifted artificial e-vector 
produced by polarizers than to the e-vector of the natural 
sky (Helbig and Wiltschko, 1989).

Although the first cue-conflict experiments were 
performed over 50  years ago (Emlen, 1967a; Moore, 
1982; Able and Cherry, 1986), and a large body of cue-
conflict experiment data is available for a variety of 
songbird migrants, it remains a subject of debate how 
birds calibrate their compasses and which compass sys-
tem dominates over others. 

A	hierarchy	of	compasses	during	 
the	pre-migratory	period

Young unexperienced birds can use similar directional 
cues as adults: the geomagnetic field and celestial cues 
(the sun and stars). Both celestial compass systems are 
learned mechanisms: juvenile birds have to observe the 
sun and its movements across the sky during most parts 
of the day and celestial rotation during the night to devel-
op well-functioning solar and stellar compasses, respec-
tively (Emlen, 1967a, b, 1970; Wiltschko and Wiltschko, 
1980, 1981). In contrast to celestial compasses, the mag-
netic compass system in birds is believed to be innate: 
birds raised without access to celestial cues during on-
togeny show the appropriate population-specific migra-
tory direction in orientation experiments during their 
first migration (Gwinner and Wiltschko, 1978; Beck 
and Wiltschko, 1982; Bingman, 1983; Bletz et al., 1996). 
If you take garden warbler Sylvia borin nestlings from 
their nests at the age of 4‒6 days before their eyes open, 
hand-raise them under an artificial rotating starry sky in 
a planetarium or laboratory chamber with small lights 
as ‘stars’ with and without access to the natural magnetic 
field (NMF) and then test birds under a stationary sky 
during their first migration in the absence of magnet-
ic information, you might find an interesting fact. The 
birds raised by hand in the absence of proper magnetic 
information will be oriented towards the direction op-
posite to the centre of the “sky” rotation, not in the ap-
propriate migratory direction, in contrast to the birds 
that had access to NMF before (Weindler et al., 1996). 
Results of this study indicate that the magnetic field (and 
the magnetic compass itself) plays a crucial role in the 
proper development of stellar orientation during ontog-
eny. In subsequent experiments, the same research team 
found an additional key element of star compass devel-
opment: not only the presence of magnetic information 
but also the direction of celestial rotation was essential 
for this process (Weindler et al., 1997). 

It might mean that if only the magnetic compass can 
allow birds to choose the correct migratory direction 
and magnetic information is crucial for development of 
stellar orientation, this compass system takes a higher 
position in the compass hierarchy during the pre-mi-
gratory period (before the first migration in a bird’s life) 
than others. However, there is an opposite situation in 
the interrelationships between the magnetic and celes-
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Fig. 1. Cue-conflict treatments: A) Celestial cue-conflict experiments in which we manipulate information from celestial cues, for example, 
polarized light; B) Magnetic cue-conflict experiments in which cue conflict between compass systems is made by changing the geomagnetic 
field (for example, when the horizontal component of the magnetic field is rotated clockwise or anticlockwise). A blue arrow is a direction to 
geographic North (gN), black arrows are magnetic lines and direction to magnetic North (mN), BMP is the band of maximum polarization, a red 
arrow indicates the direction of birds’ activity in Emlen funnels or vanishing bearing of free-flying birds with lightsticks or radio-transmitters. 
Each test consists of two phases: the first one is cue-conflict treatment, the second one is an orientation test immediately after the first phase 
or the following day after the cue conflict.
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tial compasses. If you expose young birds to the cue con-
flict between celestial and magnetic compasses before 
the onset of their first migration and then analyze their 
orientation during the autumn migratory period, celes-
tial cues will have a priority over magnetic cues and will 
calibrate the magnetic compass. This has been shown in 
experiments on both medium- and long-distance song-
bird migrants, e.g., Savannah sparrows Passerculus sand-
wichensis in North America, European robins Erithacus 
rubecula and pied flycatchers Ficedula hypoleuca in Eu-
rope (Bingman, 1983; Able and Able 1990a, b; Prinz and 
Wiltschko, 1992; Alert et al., 2015). Interestingly, the 
sun itself is not involved in the calibration process. If ju-
venile Savannah sparrows are exposed to a cue conflict 
(shifted magnetic field + natural sky all day) but have no 
access to polarized light by a pseudodepolarizer before 
the start of migration and then are tested indoors dur-
ing migration, they do not show any signs of recalibra-
tion of the magnetic compass in these orientation tests. 
The birds that have access to natural polarized skylight 
during cue conflict calibrated their magnetic compass 
relative to polarization patterns (Able and Able, 1993). 
Similar results have been obtained in experiments with 
polarizing filters without direct access to the sun during 
cue conflict (Able and Able, 1995a). All of these findings 
indicate that polarized skylight is necessary to produce 
calibration of the magnetic compass during the pre-mi-
gratory period. 

A	hierarchy	of	compasses	during	 
the migratory season

In contrast to the hierarchy of compass systems during 
the pre-migratory season, when celestial cues dominate 
the magnetic compass in various songbird migrants 
from different continents, compass calibration is more 
diverse during migration. There are three possible differ-
ent strategies which birds can exhibit in cue-conflict ex-
periments: 1) the magnetic compass is used to calibrate 
celestial compasses (Fig. 2A); 2) birds use celestial cues 
to calibrate the magnetic compass as they do during the 
pre-migratory season (Fig. 2B); 3) simple dominance of 
one of the compass systems (stellar or magnetic; Fig. 2C). 

1) Magnetic cues calibrate celestial compasses

Theoretically, the magnetic compass system can be 
a more stable cue source than others for birds during 
migration. Firstly, near the poles the angle of inclina-
tion (a parameter of the magnetic field which changes 
from 0° at the magnetic equator to 90° at the magnetic 
poles) becomes increasingly steep, so it could be difficult 
for birds at high latitudes to use their magnetic com-
pass based on the inclination of magnetic field lines as 
a primary compass system. However, outdoor experi-

ments near the North Pole and lab tests in an artificial 
magnetic field showed that birds were able to orient in 
a field with 85° and higher inclination (Åkesson et al., 
2001; Lefeldt et al., 2015). Secondly, the magnetic com-
pass sense is an inherited feature of birds, in contrast 
to celestial compass systems which need to be learned: 
juvenile birds learn celestial rotation around the North 
Star and constellations typical of the northern hemi-
sphere during ontogeny (Emlen, 1967a, 1970). However, 
it must be taken into account that the stellar sky changes 
when birds move south during autumn migration: the 
North Star gets lower and becomes more difficult to see, 
northern stars and their constellations disappear and 
new southern stars appear in the sky. The geomagnetic 
field also changes in such a journey and migratory birds 
reach regions where the intensity of the field is lower 
than in their breeding grounds and possibly falls out-
side of the functional window of the magnetic compass 
(Wiltschko, 1978). However, birds are able to adapt to 
previously unexperienced intensities of the magnetic 
field during migration, according to laboratory and vir-
tual displacement experiments (Fransson et al., 2001; 
Wiltschko et al., 2006; Winklhofer et al., 2013; Bulte et 
al., 2017). Another problem is that the magnetic com-
pass cannot be used near the magnetic equator where 
the inclination is close to 0° (Wiltschko and Wiltschko, 
1972; Wiltschko, 1974; Schwarze et al., 2016). The sun 
can also be an unreliable cue source for migrating birds 
because its position above the horizon depends on sea-
sons and geographic position, and celestial cues are not 
available in overcast conditions. 

Many results of previous cue-conflict experiments 
have indicated the precedence of magnetic cues when 
birds were exposed to a shifted magnetic field and test-
ed in orientation cages at the same time. They showed 
a corresponding shift in direction of orientation, im-
mediately during tests or with some delay, as shown in 
European robins by Wiltschko and Wiltschko (1975b), 
and ignored information from celestial cues during both 
migratory seasons (Wiltschko and Wiltschko, 1975a; 
Wiltschko et al., 1998; Sandberg et al., 2000, 2002; Bing-
man and Wiltschko, 2010). Birds exposed to cue conflict 
(an artificial magnetic field + natural celestial cues) and 
then tested in orientation experiments (in Emlen fun-
nels or release with lightsticks that allowed visual track-
ing of their flight for a limited period of time) continued 
to exhibit shifted orientation when they had access to 
all natural orientation cues (Sandberg et al., 2000; Åkes-
son et al., 2002; Table 1A 7–10) or only to celestial cues 
(Wiltschko et al., 1998, 1999; 2001 Table 1A 1, 2, 4). If 
migrants are tested with only the magnetic field avail-
able as an orientation cue after exposure to cue conflict, 
their orientation does not differ from control birds ex-
posed to the natural magnetic field and natural celestial 
cues during the cue conflict (Wiltschko et al., 1999, 2008; 
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Fig. 2. Three types of responses to cue-conflict treatments in migratory birds, when exposed to changed magnetic field (-120° horizontally 
turned) under natural clear sky during autumn migration: A) Magnetic cues calibrate celestial compasses; B) Celestial cues calibrate the mag-
netic compass; C) The stellar or the magnetic cues are used separately without transferring information to other compasses (simple dominance 
of one cue, from Chernetsov et al., 2011). The black arrows represent the horizontal direction of (geo)magnetic field (the direction to magnetic 
North), the red arrow represents the expected direction of the birds, the blue arrow represents the expected direction of the birds if they use 
the magnetic compass as a primary cue reference (C, cue-conflict phase). The circle with rays indicates the position of the setting sun, the stars 
represent unchanged direction information from the stellar cues (the direction to geographic North), mN — magnetic North, gN — geographic 
North.
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Table 1A 3, 5). Additionally, researchers discovered an 
interesting fact for species that migrate during twilight 
periods: birds did not transfer information about cue 
conflict between natural polarized light and an altered 
magnetic field from sunset to sunrise (Wiltschko et al., 
2001). All these findings suggest that the magnetic com-
pass provides the primary reference system for these 
songbird migrants and calibrates celestial compasses. 

2) Celestial cues calibrate the magnetic compass

The first cue-conflict experiment that contradicted 
the apparently coherent pattern mentioned above and 
showed another type of dominance among compass sys-
tems during migrations was the study on a North Amer-
ican medium-distance migrant, the Savannah sparrow 
(Able and Able, 1995). Both juvenile and adult birds 
changed the direction of their activity in Emlen funnels 
after several days and nights in the cue-conflict condi-
tion in a way that indicated that their magnetic compass 
was calibrated by celestial cues. Currently, many studies 
show that celestial cues calibrate the magnetic compass. 
Most of them were performed in North American song-
bird migrants, e.g., Swainson’s thrush Catharus ustulatus 
and grey-cheeked thrush C. minimus, white-crowned 
sparrow Zonotrichia albicollis and Savannah sparrow 
(Cochran et al., 2004; Muheim et al., 2006b, 2007, 2009; 
Table 1B 11–16). The only study that showed similar in-
terrelationships among the different compass systems 
in European migrants was that by Guinchi et al. (2015, 
Table 1B 17) who replicated their previous experiments 
in pied flycatchers (Gaggini et al., 2010; Table 1C 18). In-
terestingly, these authors obtained contradictory results 
using two different methods to analyze the orientation 
of birds after the cue conflict: birds tested outdoors in 
Emlen funnels in the days following cue-conflict treat-
ment showed recalibration of the magnetic compass by 
the polarized light sun-related pattern. When the same 
birds were released with radio-transmitters after being 
tested in Emlen funnels, they vanished in the appropri-
ate migratory direction, suggesting stellar dominance in 
free-flying birds. The authors supposed that the magnet-
ic compass of pied flycatchers in their tests was calibrat-
ed by polarized light, but when birds were released with 
radio-transmitters they ignored the magnetic informa-
tion immediately after release and only relied on their 
unshifted star compass. However, there is no evidence 
that this species uses only the stellar compass during 
nocturnal migratory flight and ignores the information 
from the geomagnetic field. Additionally, in other cue-
conflict experiments, pied flycatchers tested in Emlen 
funnels immediately after cue-conflict treatment with 
access to all cues during the cue conflict and orienta-
tion tests showed the same response to such treatment—
they ignored the conflict between celestial cues and the 

magnetic field and oriented in an appropriate migra-
tory direction (Rabøl, 2010; Pakhomov et al., 2019). It 
should be kept in mind that orientation tests in studies 
by Guinchi et al. (2015; and in many others, see Table 1) 
were performed around sunset, so one cannot be certain 
that birds showed true migratory orientation behaviour, 
even if they oriented in the appropriate seasonal direc-
tion (Pakhomov and Chernetsov, 2014). Telemetry stud-
ies in songbird migrants during autumn passage dem-
onstrated that in the wild most species begin their mi-
gratory flights within 1–2 h after sunset (Åkesson et al., 
1996; Bolshakov and Chernetsov, 2004; Schmaljohann 
et al., 2013b; Müller et al., 2018; but see Bolshakov et 
al., 2007 for medium-distance migrants). Similar results 
have been shown in radar studies (Schmaljohann et al., 
2007). All of these findings may indicate that pied fly-
catchers do not calibrate their magnetic compass relative 
to celestial cues at sunset and show simple dominance 
of stellar or magnetic compasses as shown in a previous 
paper of this research group (Gaggini et al., 2010). 

One of the most interesting and convincing stud-
ies which showed the priority of celestial cues over 
magnetic ones was that by Cochran et al. (2004). In this 
study, North American thrushes were exposed to cue 
conflict [natural celestial cues and an artificial magnetic 
field identical to the natural geomagnetic field (NMF) 
but rotated 80° clockwise (CW)] from the local sunset 
until the end of nautical twilight and after that immedi-
ately released with radio-transmitters. When the birds 
were released, they found themselves in the NMF and 
flew 80° counterclockwise (CCW) of their typical mi-
gratory direction, in contrast to the control birds kept 
in the NMF before release. During the next night, they 
changed their flight direction back to the normal one. 
Several thrushes that did not start their migratory flight 
on the first night and remained at the release site during 
the next few days also flew in their seasonally appropri-
ate migratory direction. 

Results of this very convincing and methodologi-
cally clean study suggest several important conclusions. 
Firstly, these North American thrushes use the magnetic 
compass as their primary compass system during noc-
turnal migratory flight and calibrate it using informa-
tion from the sun and/or polarized light during sunset. 
If possible, they perform this calibration daily. Secondly, 
it seems that celestial cues such as stars and constella-
tions do not play an important role in orientation of 
these species and are very low in the hierarchy of com-
pass systems. Possibly, birds only use the star compass 
when they are denied access to other orientation cues 
such as the magnetic field or the sun and polarized light 
(Mouritsen, 1998; Zapka et al., 2009; Pakhomov et al., 
2017), or some species do not use the full set of inde-
pendent compass systems, with the star compass either 
not available in some species or consequently ignored 
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by them (Pakhomov and Chernetsov, 2014; Chernetsov, 
2015). 

Trying to explain why some songbird migrants use 
celestial cues to calibrate the magnetic compass and oth-
er ones calibrate their sun compass relative to the geo-
magnetic field, Muheim et al. (2006a) reviewed many 
previous cue-conflict experiments and found an inter-
esting pattern: if birds have access to an undisturbed sky 
view, including part of the sky near the horizon, they 
use information from celestial cues during sunset as pri-
mary cues. If they cannot see the sky near the horizon 
during cue-conflict experiments due to testing in Em-
len funnels or at times of day that do not include sunset 
or sunrise, they use the geomagnetic field as a primary 
cue and calibrate their celestial compass systems rela-
tive to a magnetic reference. This idea had been mooted 
in one of the previous orientation studies for the first 
time (Sandberg, 1991). The authors of the review also 
suggested how polarized light at sunset and/or sunrise 
can be used by birds as a cue source to calibrate their 
magnetic compass. It occurs only at sunset or sunrise 
and not in other times of the day because the band of 
maximum polarization (the BMP) and e-vector pass di-
rectly through the zenith and are aligned vertically to 
the horizon at that time (Fig. 3; Muheim et al., 2006b). In 
this condition, birds do not need to see sunset or sunrise 
points to determine their position because they can use 
the intersection of the BMP with the horizon to deduce 
the sunset/sunrise point, even if they have access only to 
a partial view of the sky. Intersections of the BMP and 
the horizon at sunset and sunrise are independent of to-
pography, season and horizon height. Migratory birds 
could theoretically average the intersections of the BMP 
with the horizon at sunrise and sunset at the same place 
and use this bisector of directions as the North–South 
axis at any location and time of year (Fig. 3c; Muheim et 
al., 2007; Liu and Chernetsov, 2012). 

Muheim et al. (2006b, 2007; Table 1B 14–15) per-
formed cue-conflict experiments in juvenile and adult 
Savannah sparrows to test the hypothesis mentioned 
above. In these studies, they exposed wild-caught birds 
to a ± 90° shifted polarization pattern at sunrise or sun-
set with access to an undisturbed magnetic field and a 
full view of the sky near the horizon. However, this sim-
ple and elegant idea could not be proven in these stud-
ies due to some methodological pitfalls: if birds average 
their orientation using information from the BMP at 
sunset and sunrise, after being exposed to polarization 
patterns shifted by 90°, they should shift their orienta-
tion by 45° (Liu and Chernetsov, 2012) and not by 90° as 
shown by Muheim et al. (2006b). Muheim et al. (2007) 
tested birds in different experimental conditions (polar-
ization pattern shifted by 90° at sunrise and sunset with 
view vs. without view of the horizon) trying to show that 
view of the sky near the horizon is a crucial factor for 

recalibrating the magnetic compass relative to the in-
formation from celestial cues. However, Wiltschko et al. 
(2008) pointed out a methodological issue in this study: 
after testing in control conditions, birds were chosen for 
the next step of experiments to the cue conflict if they 
were oriented to the southeast (the assumed migratory 
direction) ± 90°; in other words, the control group of Sa-
vannah sparrows was not oriented in a seasonally ap-
propriate migratory direction before the cue-conflict ex-
periments. It is not correct to use these birds for further 
testing, because selecting a subsample of birds that are 
by chance oriented in the ‘right’ direction from a group 
that is not significantly oriented as a whole, does not cre-
ate a sample which can be assumed to be oriented. 

To address the criticism by Wiltschko et al. (2008), 
in which the authors tested Australian silvereyes in a 
changed magnetic field and did not find any links be-
tween recalibration of the magnetic compass by celes-
tial cues and the sky view near the horizon at sunset, 
Muheim et al. (2009) carried out new experiments with 
juvenile and adult white-throated sparrows (Zonotrichia 
albicollis; Table 1B 16). They exposed birds to a + 90° 
shifted magnetic field and a ± 90° shifted polarization 
pattern at sunrise and/or sunset and obtained the same 
results (dominance of celestial cues) after the cue con-
flict as were recorded for Savannah sparrows (Muheim 
et al. 2006b, 2007). However, studies performed by 
Muheim and co-authors (2006b, 2007, 2009) have 
shown a crucial role of polarization pattern in recalibra-
tion of the magnetic compass in Savannah and white-
throated sparrows, despite some methodological issues 
mentioned above. 

3) Simple dominance of one of compass systems

Most of the well-done experimental studies and reviews 
about the hierarchy of compass systems in migratory 
birds and compass calibration were published before 
2010  and included results of experiments mostly per-
formed with North American songbird migrants (Able, 
1993; Able and Able, 1995b; Wiltschko et al., 1998, 2008; 
Åkesson et al., 2002; Cochran et al., 2004; Muheim et 
al., 2006a, b, 2009). All of them showed the priority of 
magnetic or skylight polarization compasses and re-
calibration of other ones, using different cue-conflict 
techniques (magnetic field or polarization pattern ma-
nipulation) and orientation tests (Emlen funnels or ra-
dio telemetry). However, a new kind of interrelationship 
among compass systems has been discovered in the last 
decade, i.e., simple dominance of one of the compasses 
without recalibration (Fig. 2C). The studies by Gaggini 
et al. (2010) and Rabøl (2010) showed that European 
migrants (pied flycatchers and redstarts Phoenicurus 
phoenicurus, Table 1C 18, 19, 21) did not calibrate their 
compass systems. In the latter study, the same research 
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Fig. 3. Three- and two-dimensional representation of the band of maximum polarization (BMP) at sunrise (a and b, left) and sunset (a and b, 
right). Averaging of sunrise and sunset calibration provides the birds with a true geographical reference, which is independent of latitude and 
season (c). gN, gS, gW and gE are geographic North, South, West and East, respectively (from Muheim, 2011, with changes).
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team reported contradictory results in pied flycatchers 
(Giunchi et al., 2014): birds recalibrated their magnetic 
compass on sunset cues after exposure to ± 90  shifted 
polarization pattern when tested in Emlen funnels on 
the following day after the cue conflict (Table 1B 17), but 
not after being released with radio transmitters (Table 
1C 20). We discussed this study in the previous part of 
the review. 

The study by Chernetsov et al. (2011) was an attempt 
to replicate the work of Cochran et al. (2004) in a medi-
um-distance European species, the song thrush Turdus 
philomelos (Table 1C 21). Before being released with ra-
dio tags, the birds were exposed to 120° clockwise/anti-
clockwise shifted magnetic field with the full view of the 
sky near the horizon during spring and autumn migra-
tion. It was the first study in which cue-conflict experi-
ments were performed in the same species during both 
migratory seasons. Song thrushes in this experiment did 
not show any type of compass calibration and any re-
sponse to pre-exposure to the deflected magnetic field 
during either autumn or spring migration. Similar re-
sults (simple dominance of magnetic or stellar compass) 
were obtained in several studies carried out in other Eu-
ropean migratory birds: northern wheatears Oenanthe 
oenanthe in a radio-tracking study (Schmaljohann et al., 
2013; Table 1C 22) and dunlins Calidris alpina tested in 
circular arenas (Vanni et al., 2017; Table 1C 25) after be-
ing exposed to ± 90° shifted polarization pattern did not 
calibrate their compass systems and were oriented in the 
seasonal migratory direction in autumn. 

A recent study by Sjöberg and Muheim (2016) in 
a long-distance songbird migrant, the garden warbler, 
showed that orientation of free-flying warblers was not 
affected by pre-exposure to + 90° deflected magnetic 
field for 1 hour around sunset, and this species did not 
calibrate its compass systems either (Table 1C 24). Try-
ing to explain the results of experiments in this study 
and all previous contradictory data obtained with other 
migratory birds, they suggested a new hypothesis, an 
‘extended unified theory’. According to this scheme, 
if the view of the BMP near the horizon and nearby 
landmarks are not available at sunset or sunrise, migra-
tory birds temporarily transfer the previously calibrated 
magnetic information to available celestial compasses 
and recalibrate them. Conversely, if birds have access to 
the polarization pattern near the horizon and a full view 
of landmarks at sunrise/sunset, they fully (the BMP is 
visible at both sunset and sunrise) or provisionally (the 
BMP is visible only at sunrise or sunset) recalibrate their 
magnetic compass by information from polarized light. 
When the stars become visible, the birds recalibrate 
the star compass with respect to the previously recali-
brated magnetic compass. However, such star compass 
recalibration only takes place if stars and their constel-
lations are available during the cue-conflict treatment 

(Sjöberg and Muheim, 2016). This assumption, as the 
authors suggest, can explain why their garden warblers, 
pied flycatchers in the study by Guinchi et al. (2015) and 
northern wheatears by Schmaljohann et al. (2013) did 
not show recalibration of any compasses. In these stud-
ies stars were not visible during the cue conflict between 
the BMP and the magnetic compass and there was not 
cue conflict between the stellar and magnetic compass-
es when birds were released with radio tags; therefore, 
birds simply relied on the previously recalibrated stellar 
compass. However, firstly, as already mentioned, there is 
no direct evidence that these songbird migrants use the 
stellar compass but not the magnetic one during noc-
turnal flights (Chernetsov, 2015). Secondly, this theory 
cannot explain the results of the study by Chernetsov 
et al. (2011), in which birds had access to the BMP and 
landmarks at sunset during the cue conflict and then 
were released after the stars appeared in the sky but birds 
did not show any type of calibration. The suggestion by 
Sjöberg and Muheim (2016) that it could be the topo-
graphic bias in the departure direction of song thrushes 
released on the Courish Spit is not tenable, because the 
data from another release site in mainland Kaliningrad 
region showed the same departure direction after re-
lease (Chernetsov et al., 2011). Additionally, according 
to the Rayleigh sky model, the BMP becomes broader 
and blurrier when moving towards the horizon at sunset 
and sunrise (Fig. 3; Cronin et al., 2006; Hamaoui, 2017; 
Eshelman and Shaw, 2019), so it could be difficult to use 
the BMP as a calibration cue in the way proposed by 
Muheim et al. (2006a) and Sjöberg and Muheim (2016). 

Concluding remarks 

Obviously, the interrelationship between compass sys-
tems among various species of migratory birds during 
migration is complicated, in contrast to the pre-migra-
tory season. Much data obtained in the rapidly growing 
number of cue-conflict experiments during the two re-
cent decades changed the opinion of the scientific com-
munity about this phenomenon from “birds calibrate 
their celestial compasses with respect to information 
from the geomagnetic field” to “various species calibrate 
their celestial compasses by the magnetic compass and 
vice versa” after studies on North American thrushes 
(Cochran et al., 2004), Savannah sparrows and white-
crowned sparrows (Muheim et al., 2007, 2009). Trying 
to explain these contradictory results, a new theory 
was suggested by Muheim et al. (2006a), but it was not 
supported by the latest studies performed especially in 
European migratory birds, in which birds had access to 
both the BMP and landmarks near the horizon but did 
not show any type of calibration (i.e., simple dominance 
of celestial or magnetic compasses; Gaggini et al., 2010; 
Chernetsov et al., 2011; Schmaljohann et al., 2013; Sjö-
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berg and Muheim, 2016; Vanni et al., 2017). Another 
possibility mentioned by Susanne Åkesson during her 
talk at the 7th Royal Institute of Navigation 2011 con-
ference “Orientation and Navigation. Birds, Humans 
and Other Animals” in Reading, UK is that the differ-
ence in the hierarchy of compass systems between North 
American and European species might be explained by 
the variation of parameters of the geomagnetic field 
(e.g., declination) that birds could expect to encounter 
during their migration in North America but not in 
Europe (Liu and Chernetsov, 2012). However, the lat-
est calculation of variation of the geomagnetic field in 
North America and Europe performed by Sjöberg and 
Muheim (2016) did not support this assumption. An-
other explanation  — that long-distance migrants gen-
erally need a capacity for more precise orientation and 
have to calibrate their compass systems, whereas short- 
and medium-distance migrants may reach their winter-
ing and breeding areas using only one compass without 
calibration and survive even if their compass systems 
sometimes might be wrong by ca. 5° or more — is not 
supported by studies in which both long- and medium-
distance migrants showed simple dominance of one of 
the compasses (Rabøl, 2010; Chernetsov et al., 2011; 
Schmaljohann et al., 2013; Sjöberg and Muheim, 2016; 
Vanni et al., 2017). The newest ‘extended unified theory’ 
is rather complicated and cannot explain the results of 
some studies (Wiltschko et al., 2008; Chernetsov et al., 
2011). The reason may be that a uniform solution that 
could explain results of all cue-conflict experiments in 
migrating birds might not exist. A more parsimonious 
explanation of the variable results obtained by different 
authors in different avian species might be that the com-
pass system hierarchy differs between the species of mi-
grants, or maybe even between populations within one 
species. For some species or populations in North Amer-
ica and Europe, the magnetic compass is in a higher po-
sition in the hierarchy of compass systems and is used 
to calibrate other compasses, but for other species this 
hierarchy might be different. There likely is no uniform 
rule or theory that could explain to us why some species 
calibrate their celestial compasses relative to magnetic 
cues and vice versa or rely on one of the compasses with-
out any type of calibration during migration. We think 
that each species (or even population) “chooses” its own 
calibration strategy and this choice does not depend on 
migratory strategy (short- or long-distance migration), 
seasons, variations of magnetic field parameters, access 
to the BMP and landscapes near the horizon, etc. 
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