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Abstract Migratory birds use compass systems derived

from the geomagnetic field, the stars, the sun and polarized

light patterns. We tested whether birds use a single

underlying reference system for calibration of these com-

passes and, specifically, whether sunset and sunrise polar-

ized light cues from the region of the sky near the horizon

are used to calibrate the magnetic compass. We carried out

orientation experiments with Savannah sparrows, Passer-

culus sandwichensis, in Alaska during autumn migration

2005, and compared the magnetic orientations of individual

birds before and after exposure to conflicting information

between magnetic and celestial cues. Birds exposed to an

artificially shifted polarization pattern (±90� shift relative

to the natural condition) for 1 h at local sunrise or sunset

recalibrated their magnetic compass, but only when given

access to the artificial polarization pattern near the horizon.

Birds exposed to a 90� clockwise-shifted magnetic field for

1 h at solar noon did not recalibrate their magnetic com-

pass. These results indicate that migratory birds calibrate

their magnetic compass using the skylight polarization

pattern vertically intersecting the horizon at sunrise and

sunset. In conjunction with earlier work showing that sun

and star compass calibrations are secondarily derived from

magnetic and polarized light cues, our findings suggest that

polarized light cues near the horizon at sunrise and sunset

provide the primary calibration reference for the compass

systems of migratory songbirds.

Keywords Orientation � Cue calibration �
Magnetic compass � Skylight polarization

Introduction

Migratory songbirds use multiple compasses for orientation

during migration, including magnetic, star, solar and

polarized light compasses (e.g., Emlen 1970; Able 1982;

Moore 1987; Schmidt-Koenig 1990; Munro and Wiltschko

1995; Wiltschko and Wiltschko 1995). Depending on

which compass cues birds rely on during migration, they

are led along different migration routes (Alerstam and

Gudmundsson 1999; Alerstam 2001; Alerstam et al. 2001;

Bingman et al. 2003; Muheim et al. 2003; Åkesson and

Hedenström 2007). The relationships between the different

compass routes change along the migratory journey due to

changes in declination, resulting from differences in the

relative positions of the magnetic and geographic poles.

Since cue availability changes with weather conditions,

season, time of day, and latitude, birds must calibrate the

different compasses with respect to a common reference

both before and during migration to avoid navigational

errors. The common reference can be one of the compass

systems that has primacy over the others, or an independent

source of directional information. Despite three decades of

intensive research, the reference system birds use, how

they integrate information from the different compass

systems, and how often the different compasses are cali-

brated against each other are all still poorly understood.
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Department of Animal Ecology, Lund University,

Ecology Building, 223 62 Lund, Sweden

123

J Ornithol (2007) 148 (Suppl 2):S485–S494

DOI 10.1007/s10336-007-0187-4



Research on the integration of magnetic and celestial

compass cues has produced variable and contradictory

findings (for reviews see Able 1993; Åkesson 1994; Wilt-

schko et al. 1997, 1998; Wiltschko and Wiltschko 1999;

Muheim et al. 2006a). During the pre-migratory season,

most studies show that daytime/twilight celestial cues are

given saliency over magnetic cues; i.e., both juvenile and

adult birds recalibrate their magnetic compasses when ex-

posed to conflicting information between magnetic and

daytime/twilight celestial cues (Able and Able 1990b,

1993; Prinz and Wiltschko 1992; Weindler and Liepa

1999). In addition, no recalibration of celestial compasses

is evident when birds exposed to a cue conflict are tested

without access to information from the magnetic field

(Bingman 1984; Able and Able 1997). The magnetic

compass in turn seems to be the calibration reference for

the star compass, at least in juvenile birds, since exposure

to conflicting stellar and magnetic cues resulted in recali-

bration of the star, but not the magnetic compass (Wilt-

schko and Wiltschko 1976; Beason 1987; Weindler et al.

1998, but see Able and Able 1990a). Also, the star compass

by itself only seems to contain information about the

geographic north–south axis, requiring magnetic compass

information to establish the population-specific migratory

direction (Weindler et al. 1996, 1997). During migration, a

majority of experiments suggest that birds use magnetic

cues as their primary reference, since they appear to follow

a magnetic field shift when exposed to a conflict between

magnetic and celestial cues in orientation funnels (for

references see Tables 2, 3 in Muheim et al. 2006a).

In a recent review of the cue conflict literature, we

proposed that the contradictory findings obtained in dif-

ferent studies can be ascribed to differences in cue avail-

ability during exposure to the cue conflict (Muheim et al.

2006a). In particular, recalibration of the magnetic com-

pass occurred during both the premigratory and migratory

periods when birds exposed to conflicting information be-

tween magnetic and celestial light cues were able to see

polarized light cues from the region of the sky near the

horizon at sunrise or sunset. This hypothesis is consistent

with two studies that reported recalibration of the magnetic

compass during migration (Able and Able 1995a; Cochran

et al. 2004). In both studies, the birds were exposed to the

cue conflict in open cages, where they had access to a full

view of the horizon, as typically done in experiments

during the premigratory season. Other studies carried out

during migration that did not obtain evidence for recali-

bration of the magnetic compass exposed the birds to the

cue conflicts in orientation cages/funnels that blocked the

view of the sky near the horizon. Thus, access to sunset

cues, and possibly also sunrise cues, near the horizon may

provide a better explanation of the pattern found in the

literature than migration season, and such cues seem to be

crucial for magnetic compass calibration (Muheim et al.

2006a).

The aim of the present study was to investigate whether

migratory songbirds tested during migration recalibrate

their magnetic compass after exposure to conflicting

magnetic and polarized light cues under the following

conditions: (a) polarization pattern shifted ± 90� relative to

the natural magnetic field at sunrise, with view of the

horizon; (b) polarization pattern shifted ±90� relative to the

natural magnetic field at sunset, with view of the horizon;

(c) polarization pattern shifted ±90� relative to the natural

magnetic field at sunset, without view of the horizon, and;

(d) magnetic field shifted +90� relative to the natural

polarization pattern at solar noon.

Methods

We carried out orientation experiments with Savannah

sparrows, Passerculus sandwichensis, at Kanaryarmiut

Field Station (N61�22¢, W165�08¢) in the Yukon Delta

National Wildlife Refuge, Alaska, USA, during autumn

migration (11 August–21 September 2005). The Savannah

sparrows of the nominate subspecies P. s. sandwichensis

caught in the vicinity of the field station were both juvenile

and adult birds from the local breeding population and

migrants on passage. This subspecies winters in coastal

southwestern British Columbia to western, central Cali-

fornia (Pyle et al. 1987) and is thus expected to depart from

the Yukon Delta in easterly to southeasterly migratory

directions (see the Supporting Online Material in Muheim

et al. 2006b).

The birds were kept indoors with access to the natural

daylight scheme, but no view of celestial cues. Magnetic

orientation was tested in orientation funnels covered with

milky Plexiglas sheets and lined with typewriter correction

(Tipp-Ex) paper in a translucent tent (Hansen Weatherport,

Inc., Gunnison, CO, USA). All orientation experiments

were carried out at sunset and lasted for 1 h. During that

time the birds left scratch marks on the Tipp-Ex paper,

which were analyzed by a visual estimation method (see

below). Individual birds orienting towards the expected

migratory direction (SE ± 90�) without access to celestial

cues were exposed to experimental conditions (see

‘‘Experimental exposures’’ below) providing conflicting

information between magnetic and daytime/twilight

celestial cues. After exposure, the birds were tested again

for magnetic orientation. Birds not significantly directed or

inactive during an experiment were tested on subsequent

evenings until they showed a valid direction (see below for

criteria), for a maximum of four times. After completion of

an experiment, the birds were set outside for several hours

around sunset and/or sunrise to recalibrate the compasses
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back to the natural alignment (see exception under

‘‘Polarization pattern shifted ±90� at sunset without view of

horizon’’ below). After recalibration, the birds were again

tested for magnetic compass orientation until they showed

a seasonally appropriate initial direction, before being ex-

posed to the next experimental condition. Between expo-

sures and experiments, the birds were kept indoors and

were not allowed to see any outdoor cues, so that they

could not recalibrate any compasses. All experiments were

approved by the US Fish and Wildlife Service (permit #05-

YDNWR-02).

Experimental exposures

Polarization pattern shifted ±90� at sunrise and/or sunset

with view of horizon

To simulate the polarization pattern at sunrise and sunset,

when the band of maximum polarization perpendicularly

intersects with the horizon, the birds were put into a

cardboard box (30 · 32 · 32 cm) with four windows

covered with netting. This box was placed in the center of a

larger cardboard box (45 · 62 · 39 cm) with each window

covered with a pseudo-depolarizing (outside) and a polar-

izing filter (inside). In the two windows on the short axis of

the box the e-vector was aligned vertically, while the e-

vector in the two windows on the long axis was horizon-

tally aligned (for details see the Supporting Online Material

in Muheim et al. 2006b). By depolarizing the light before it

passed through the polarizing filters, we avoided any ef-

fects on light intensity caused by the interaction of the

polarizing filters with the natural skylight polarization. The

axis with the two vertically aligned polarizing filters was

directed towards the sunrise/sunset position, so that the

birds perceived the band of maximum polarization shifted

±90� relative to the natural condition at the time of expo-

sure (Fig. 1a,b; Column 2). All exposures took place be-

tween 30 min before and 30 min after sunrise or sunset, in

an open area about 100 m to the north of the field station.

Birds exposed to the experimental condition at sunrise

were tested the same evening around sunset, while birds

exposed to an experimental condition during sunset were

tested during the following evening.

Polarization pattern shifted ±90� at sunset without view

of horizon

A small number of birds were exposed to a ±90� shifted

artificial polarization pattern at sunset, with the horizon

blocked from view, simulating the polarization cues per-

ceived by birds tested in orientation funnels (Fig. 1c,

Column 2). These exposures immediately followed a sun-

rise or sunset exposure with view of the horizon (a or b),

without intermittent recalibration, which is an exception to

the general experimental design. The birds were placed

into a cardboard box (31 · 45 · 33 cm) with a single,

round polarizing filter at the top (diameter 31 cm). They

were able to see a ~105� view of the overhead sky when

sitting on one of the perches at the bottom of the box and

~142� when jumping or flying up towards the ceiling of the

box (in conventional orientation funnels, views of the sky

vary between 90 and 160�; for a review see Muheim et al.

2006a). The e-vector of the polarizing filter was aligned

axially 90� relative to the sun’s position along the natural

alignment of the band of maximum polarization. Thus,

birds that had recalibrated the magnetic compass in the

earlier cue-conflict exposure (Fig. 1a or b) would be ex-

pected to calibrate the magnetic compass back to the nat-

ural calibration. Exposures lasted from 30 min before to

30 min after sunset and the orientation of the birds was

tested during the following evening (for details see the

Supporting Online Material in Muheim et al. 2006b).

Magnetic field shifted ±90� at solar noon with view

of horizon

Since the skylight polarization pattern is more complex at

solar noon than at sunrise and sunset (the band of

maximum polarization intersects the horizon at an angle

„ 90�), we created a cue conflict using a Helmholtz coil

(80 · 80 cm) to shift the magnetic field 90� clockwise

relative to the natural celestial cues at solar noon (Fig. 1d,

Column 2). The coil was placed in an open area about

100 m to the north of the field station (same position as

sunrise/sunset polarization exposures). An 18 V car battery

was used as power source. The birds were placed into a

cardboard box (35 · 37 · 36 cm) with a window on each

side and centered so that the horizontal sitting perches were

approximately in the middle of the coil. Exposures took

place 30 min before to 30 min after 14:55 local time (solar

noon: sun azimuth = 180�, sun elevation = 30�) during

partly overcast skies (cloud cover 4/8). Birds exposed to

the experimental exposure at solar noon were tested the

same evening around sunset.

Data evaluation and statistics

We used a visual method to determine the direction chosen

by each bird (Mouritsen 1998). A person blind to the

experimental condition and the position of the north mark

visually estimated the median of the circular distribution of

scratches on the Tipp-Ex paper. Each paper was given a

score for activity from 0 (0–50 scratches) to 4 (>2,000

scratches) and a score for estimation accuracy from 0 (>45�
estimation accuracy) to 4 (0–5� estimation accuracy; for

details see the Supporting Online Material in Muheim et al.
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2006b). We excluded experiments with activity = 0 or

concentration = 0 or total score (activity + concentration)

<3, thus including only experiments with well-directed

migratory orientation (see also Mouritsen 1998). This

estimation method has been shown to be highly repeatable

and in close agreement with the more conventional method

of counting scratches in different sectors across the

Tipp-Ex paper (Mouritsen and Larsen 1998; M. Tarka, R.

Muheim, S. Åkesson, unpublished data).

We applied circular statistics to test whether the direc-

tional responses of the birds were significantly directed

(Rayleigh test, Batschelet 1981) and the method of dou-

bling of angles to test whether a group was axially

distributed (raxial > runimodal). Since we were interested in

the response of each individual bird to the exposure, we

calculated the difference between each individual’s initial

orientation and the direction chosen after the exposure. We

used the 95% confidence intervals to examine whether the

observed difference agreed with the expected shift. Dif-

ferences between groups were tested with the nonpara-

metric circular Watson U2 test (Batschelet 1981).

Results

Savannah sparrows exposed to an artificially shifted

polarization pattern (±90� shift relative to the natural

condition) for 1 h around sunrise or sunset, with full view

Fig. 1a–d Magnetic responses of Savannah sparrows exposed to

conflicting information between the magnetic field and polarized light

patterns. a Polarization pattern shifted ±90� at sunrise, with view of

the horizon. b Polarization pattern shifted ±90� at sunset, with view of

the horizon. c Polarization pattern shifted ±90� at sunset, without

view of the horizon. d Magnetic field shifted +90� at solar noon.

Column 1: initial magnetic orientation before exposure to cue conflict.

Column 2: cue conflict condition during experimental exposure.

Column 3: magnetic orientations after cue conflict exposure. Column
4: deviations from initial orientation [orientation after exposure

(Column 3) – initial orientation (Column 1) = initial orientation set to

0�]. Each data point in the circular graphs gives the magnetic

orientation of an individual bird (Columns 1 and 3) or the deviation

from the initial response (Column 4). The arrows give the mean

orientation of the group of birds and the length of each arrow is a

measure of the concentration (r) of the group drawn relative to the

radius of the circle = 1. Double-arrows indicate axially distributed

samples. Dashed lines give the 95% confidence interval for

significantly directed samples according to the Rayleigh test.

Diagrams in Column 2 show sun positions and bands of maximum

polarization at sunrise (a), sunset (b and c) and solar noon (d); dark
gray circles in the centers of a and b and the outer ring in c indicate

sections of the sky not visible to the birds during exposure. Large
triangles outside of the circles in the graphs in column 4 give the

expected response (light gray sunrise, medium gray sunset). For

details see Table 1
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of the surroundings, including the horizon, recalibrated

their magnetic compass. The difference between the indi-

vidual magnetic orientation after exposure (Column 1 of

Fig. 1a,b) and the orientation before exposure (Column 3

of Fig. 1a,b) was axially distributed along the 90–270� axis

(Table 1). The 95% confidence intervals included the ±90�
shifts expected when the magnetic compass is recalibrated

at sunrise or sunset relative to the natural polarization

pattern at the same time of day (Column 4 of Fig. 1a,b).

The responses of birds that recalibrated their magnetic

compass after being exposed to a shifted polarization pat-

tern at sunrise and then at sunset, or vice versa (but ex-

posed to the natural conditions in order to calibrate their

magnetic compass back in-between the two exposures)

were not statistically different to birds exposed to only one

of the exposure conditions (sunrise: U2 = 0.03, P > 0.5;

sunset: U2 = 0.03, P > 0.5; see Table 1).

The sample of six Savannah sparrows exposed to a ±90�
shifted artificial polarization pattern at sunset, with the

region of sky immediately above the horizon blocked from

view, showed no shift in response, but instead kept ori-

enting towards the previously chosen magnetic direction

(Column 4 of Fig. 1c, Table 1). Similarly, birds exposed to

a +90� shifted magnetic field for 1 h at solar noon did not

show a 90� shift in orientation; instead they either did not

shift at all or they shifted by 180� (Column 4 of Fig. 1d,

Table 1).

Discussion

Our results show that Savannah sparrows recalibrate their

magnetic compass repeatedly with respect to polarized

light cues at both sunrise and sunset, but not at solar noon.

Twilight celestial cues close to the horizon provide the

crucial information necessary for magnetic compass cali-

bration. In conjunction with other studies, our results

confirm that recalibration occurs both prior to and during

migration, and in both juvenile and adult birds.

In the majority of published cue conflict experiments

carried out during migration, birds did not recalibrate their

magnetic compasses, but instead followed the shift of the

magnetic field and recalibrated their celestial compasses

(for references see Muheim et al. 2006a). A review of the

cue-conflict literature suggested that birds in many of these

studies did not have access to all crucial celestial cues

during the cue-conflict exposures (Muheim et al. 2006a).

Birds exposed to the cue conflict in orientation funnels,

which therefore had their view of the polarization pattern

near the horizon blocked (funnels allow an average view of

the sky around the zenith of 90–160�), typically followed

the shift of the magnetic field. They, therefore, did not

recalibrate the magnetic compass. In contrast, in all but one

experiment (Able and Able 1990b) where the birds were

exposed to the cue conflict in an open cage, allowing them

to see the sky down to the horizon, recalibration of the

magnetic compass was observed (Bingman 1983; Able and

Able 1990b, 1995a; Prinz and Wiltschko 1992; Weindler

and Liepa 1999; Cochran et al. 2004). When our birds were

exposed to an artificial polarization pattern that did not

include the region of sky near the horizon, we observed no

recalibration of the magnetic compass, confirming the

importance of sunrise/sunset polarization cues near the

horizon as the crucial calibration reference.1 Thus, the

failure to observe magnetic compass recalibration in many

studies carried out during migration (for a review see

Muheim et al. 2006a) is likely the result of restricted access

to the celestial polarized light cues close to the horizon at

sunrise or sunset.

Our results indicate that the polarized light pattern at

sunrise or sunset is the primary calibration reference used

by Savannah sparrows to recalibrate their magnetic com-

passes. Recalibration occurred after exposure to a shifted

polarization pattern for as little as 1 h at both sunrise and

sunset, but not at solar noon. This result agrees with evi-

dence from earlier studies that celestial cues at times other

than sunrise and sunset do not provide the cues needed to

recalibrate the magnetic compass (Able and Able 1990b;

Åkesson et al. 2002). In previous studies with Savannah

sparrows reporting recalibration of the magnetic compass,

the birds were exposed to the cue conflict for several days

to weeks (Bingman 1983; Able and Able 1990b, 1993,

1995a, 1995b). Access to a number of celestial cues such as

sunrise, sun and sunset during exposure to the cue conflict

made it difficult for conclusive predictions about the times

of day that recalibration takes place and about the celestial

cues used for recalibration. Cue calibration studies with

other species have been equally inconclusive (Prinz and

Wiltschko 1992; Weindler and Liepa 1999), with the

exception of Cochran et al. (2004), who showed that two

species of thrush, the grey-cheeked thrush, Catharus min-

imus, and Swainson’s thrush, Catharus ustulatus, recali-

brated their magnetic compasses after exposure to a shifted

magnetic field for variable periods of up to ~3 h, including

sunset.

Our Savannah sparrows did not use the position of the

sun itself as a recalibration reference, since the natural

position of the sun was unchanged and at least partially

visible to some of the birds. This finding is consistent with

the results of an earlier study, in which Savannah sparrows

exposed to a shifted magnetic field under a depolarizing

filter that eliminated polarized light cues, but allowed

1 Under overcast skies the pattern of skylight polarization may be

visible near the horizon, providing a calibration cue to animals sen-

sitive to low degrees of polarization (Hegedüs et al. 2007b, 2007a).
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detection of the sun and star patterns, did not recalibrate

their magnetic compass, while control birds exposed to the

same treatment, but without depolarizing filters, recali-

brated the magnetic compass (Able and Able 1993).

However, these birds were given multiple exposures lasting

for 3–4 h throughout the day, thus the time(s) of day the

recalibration occurred could not be determined. In a later

experiment (Able and Able 1995b), birds exposed to arti-

ficially shifted polarization patterns for 1 h at sunrise and

sunset were also found to recalibrate their magnetic com-

pass, indicating that the polarization pattern at sunrise and/

or sunset provided the calibration reference, but did not

exclude the possibility that the same cues could also lead to

a recalibration at other times of day (Able and Able

1995b). Our results exclude the use of polarized light cues

at other times of day aside from sunrise and sunset; the

reasoning for this is discussed below.

Why do birds use polarized light cues from the sunrise

or sunset sky and not from other times of day? Only at

sunrise and sunset, the band of maximum polarization

(BMP) and the e-vector pass directly through the zenith

and are aligned vertically on the horizon. The intersections

of the BMP with the horizon are independent of topogra-

phy and horizon height, and their use as calibration refer-

ence would not require a time-compensation mechanism

(Fig. 2). This is not true for the positions at which the sun

disk appears above the horizon at sunrise and disappears

below the horizon at sunset, which vary depending on the

topography and vegetation height, making it difficult for

birds to determine the exact timing and position of sunset.

A problem with using sunrise/sunset cues is that sunrise/

sunset positions shift with season and latitude, which can

result in curving migratory paths that are only adaptive

under specific circumstances (see below). Based on earlier

work with pigeons (Phillips and Waldvogel 1988), we

therefore propose the theory that birds average the

information from successive sunrises and sunsets. Aver-

aging the intersections of the band of maximum polariza-

tion with the horizon during a successive sunrise and sunset

from the same location would enable migratory birds to

derive a true geographic reference system that is ‘‘fixed’’

with respect to the North–South meridian at any location

on Earth and that is independent of latitude and time of

year (Fig. 3). Periodic updating of the relationship between

the polarization patterns at sunrise and sunset (their angular

‘‘split’’ on either side of the meridian) would make it

possible, for example when bad weather makes averaging

impossible, to use either sunrise or sunset cues alone to

estimate the reference direction and to calibrate other

compass systems. Birds exposed to only one exposure to a

cue conflict, as done in most cue-conflict experiments,

Fig. 2a–c Three-dimensional illustration of the band of maximum

polarization (BMP) at sunrise (a) and sunset (b), intersecting the

horizon vertically. Course of setting sun in locations with different

horizon features (c), illustrating that the position/timing of the local

sunset depends on topography

Fig. 3a–e Two-dimensional representations of the band of maximum

polarization (BMP) at sunrise (a) and sunset (b). The deviations of the

band of maximum polarization from the geographic North–South axis

at sunrise and sunset are equal in magnitude, but opposite in direction

(c). Therefore, by averaging the alignments of the BMP at these two

times of day from the same location (regardless of time of year and

latitude) it is possible to derive the geographic North–South axis

(Phillips and Waldvogel 1988). Once the relative alignments of the

BMPs at sunrise and sunset have been learned, the alignment at

sunrise (d) or at sunset (e) alone can be used to derive the reference

direction (e.g., gN) to calibrate other compass systems. However,

periodic updating of the calibration reference, requiring access to

polarized light cues at both sunrise and sunset, would be necessary to

correct for seasonal and latitudinal changes in the alignments of the

BMP (see Fig. 4)
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show a full shift and seem to average only when exposed to

the cue conflict on a consecutive sunrise/sunset from the

same location.

Why should birds be averaging instead of using only

sunrise or only sunset cues as independent calibration

references? Changes in latitude and time of year produce

opposite shifts in the alignments of the BMP at sunrise and

sunset. For example, during autumn migration, sun position

and the alignment of the BMP shift clockwise at sunrise

and counter-clockwise at sunset. The use of only sunrise or

only sunset as the independent calibration reference may be

adaptive in species that use the polarization pattern at ei-

ther sunrise or sunset alone, without averaging. Such a

strategy can result in gradually curving migration routes,

but it is only adaptive when only one cue and always the

same (polarization pattern at only sunrise or only sunset) is

used. In species like the Savannah sparrows that use both

sunrise and sunset cues to recalibrate their magnetic com-

passes, failure to average the information from both times

of the day would produce a ‘‘zig-zagging’’ migratory path,

depending on whether the clear skies necessary to see the

polarization pattern occurred most recently at sunrise or at

sunset (Fig. 4). In contrast, averaging the alignments of the

BMP at sunrise and sunset, as sky conditions permit, would

eliminate seasonal and latitudinal variation and enable the

birds to correct for this variation when forced to rely on

either sunrise or sunset cues alone to update the calibra-

tions of their other compass systems. The opportunistic use

of sunrise and sunset cues is therefore not adaptive for

species like Savannah sparrows that recalibrate their

magnetic compass at both times of day.

Conclusions

Our findings suggest that polarized light cues near the

horizon at sunrise and sunset provide the primary calibra-

tion reference for the compass systems of Savannah spar-

rows. Earlier work showed that sun and star compass

calibrations are secondarily derived from magnetic and

polarized light cues (Beason 1987; Bingman and Wiltschko

1988; Phillips and Moore 1992). This primary calibration

reference would provide birds with an absolute, geographic

directional system, which is independent of season and

latitude. If our theory is correct, curving migratory routes

and abrupt changes in migratory direction to circumfly

major topographic features, i.e., oceans and mountain

ranges, that regularly occur along natural migratory routes

(e.g., Alerstam 2001; Alerstam et al. 2003), are likely to

involve secondary adaptations rather than properties of the

underlying calibration system in species like the Savannah

sparrows that use both sunrise and sunset for recalibration

of their magnetic compass.
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Åkesson S, Hedenström A (2007) How migrants get there: migratory

performance and orientation. BioScience 57:123–133
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