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Summary

This paper investigates how young pied flycatchers,
Ficedula hypoleuca and blackcaps, Sylvia atricapilla
interpret and use celestial cues. In order to record these
data, we developed a computer-controlled version of the
Emlen funnel, which enabled us to make detailed temporal
analyses. First, we showed that the birds use a star
compass. Then, we tested the birds under a stationary

hypothesis suggesting that birds use a time-independent
star compass based on learned geometrical star
configurations to pinpoint the rotational point of the
starry sky (north). In contrast, neither hypotheses
suggesting that birds use the stars for establishing their
global position and then perform true star navigation nor
those suggesting the use of a time-compensated star

planetarium sky, which simulated the star pattern of the
local sky at 02:35h for 11 consecutive hours of the night,
and compared the birds’ directional choices as a function
of time with the predictions from five alternative stellar
orientation hypotheses. The results supported the

compass were supported.

Key words: computer-controlled Emlen funnel, star compass,
orientation, navigationkicedula hypoleucaSylvia atricapillg bird
migration, time dependence.

Introduction

The aim of the present paper was to investigate how piecbntinuously without disturbing them, and which allows
flycatchers Ficedula hypoleuca and blackcaps Sylvia  detailed temporal analyses afterwards. They also provide exact
atricapilla use and interpret celestial cues. To collect thesand completely non-subjective calculations of mean direction
data, we developed computer-controlled Emlen funnels, whicand concentration, and false positives from the escape
permit temporal analyses of orientation behaviour. reactions when the birds are put into and taken out of the

The migratory urge of night-migrating passerines is sdunnels can be avoided, since registration is started and
strong that they will jump in their migratory direction eventerminated by remote control. With this tool available, we
when confined to a cage (Kramer, 1949; Emlen and Emleimvestigated how migrating young pied flycatchers and
1966; Able and Terrill, 1987; Mouritsen, 1998a; Mouritsen andlackcaps placed under an artificial planetarium sky interpret
Larsen, 1998; Nievergelt et al., 1999). This observation led tand use celestial cues.
the invention of the Emlen funnel (Emlen and Emlen, 1966). Sauer (1957) performed the first planetarium experiments
In the traditional Emlen funnel, ink marks (Emlen and Emlensuggesting that birds use the stars for orientation. Sauer’s data
1966) or scratches in typewriter correction paper (Rabgl, 1979ere based on a few experiments with either a single or very
are used to measure the bird’s directional choices. Despite tfew individuals and were, therefore, somewhat anecdotal. The
fact that the Emlen funnel has been a very important tool idefinite proof that birds can use the stars for orientation came
the study of bird orientation and navigation (for recent reviewsn 1967 when Emlen published his classical planetarium
see Helbig, 1991; Wiltschko and Wiltschko, 1996; Mouritsengxperiments on indigo bunting8asserina cyanedEmlen,
1999), they do have their limitations. These are mainly th&967a,b, 1970, 1972, 1975). Later, it was shown that
subjectivity involved in scoring the scratch marks (but sedlackcaps (Viehmann, 1982), savannah sparf@asserculus
Mouritsen, 1998c), and the difficulty of recording temporalsandwichensigBingman, 1983), pied flycatchers (Bingman,
variations in the orientation behaviour (but see Akesson antP84), garden warblerSylvia borin(Wiltschko et al., 1987)
Sandberg, 1994). During 1995-1997 we therefore developedaad European redstaf®hoenicurus phoenicurudlouritsen,
computer-controlled version of the Emlen funnel, which1998a) can orient in a non-directional magnetic field,
enables the experimenter to manipulate relevant orientatiqggresumably by using directional cues from the stars (only
cues while the orientation reactions of the birds are monitoregight experiments are considered here, not sunset/twilight
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experiments). In conclusion, it seems well established thatl., 1991). Instead, indigo buntings seemed to use only the
night-migrating songbirds use the stars for orientation. Bupcation of the rotational point to define north. Learned
what information do they extract from the starry sky and whageometrical knowledge of star patterns seemed to be used by
is their migratory response? There are, in principle, at least fitee birds to pinpoint the rotational point of the starry sky. Thus,
different ways birds could use celestial cues for migratorfEmlen’s studies strongly supported Hypothesis 3. Emlen’s

orientation. These five hypotheses are: conclusions have been widely accepted. However, to our
_ o knowledge, his experiments have never been replicated,
Hypothesis 1a: True star navigation despite the facts that his sample size was only six birds in the

This hypothesis implies that birds deduce their truecrucial clock-shift experiments and he only tested one species.
geographical position from the rotational phase of the stars. Further evidence in favour of a time-independent star
The height of the rotational point of the stars above the horizotcompass came when Wiltschko and coworkers hand-raised
could be a measure of latitude and the rotational phase of tigeoups of garden warblers in four different parts of the same
stars combined with a dual time-sense could provide longitud®om, in which an artificial ‘starry sky’ of small back-lit holes
information. They could use this stellar information to orientrotated around the centre of the ceiling (Wiltschko et al., 1987).
towards their goal (stop-over site or wintering quarter)Each group of birds experienced the centre of rotation to be
travelling along a constant compass course route (a loxodronecated at one of four different points of the compass. As

course). adults, when tested in Emlen funnels during the migratory
_ season under the same, but now stationary, artificial sky, the
Hypothesis 1b groups oriented in different directions all pointing away from

The same as Hypothesis la except that the birds orietite artificial sky’s former centre of rotation (Wiltschko et al.,
towards their goal along great circle routes (an orthodrom&987). The fact that the birds were able to orient under a
route — the shortest distance between two points on the globsgjationary sky as adults strongly suggested that they had

learned the geometrical configuration of the ‘stars’ (back-lit
Hypothesis 1c holes) relative to the location of the rotational centre during the

The same as Hypothesis 1a except that the birds do not origgre-migratory period. These results also suggested that the
towards their goal but towards the location where theyirds are able to locate celestial north without having to
expected to be at the given time, i.e. in this case, back towardbserve celestial rotation in the migratory period.

the capture site. In addition, Able and Able (1990) showed that young
_ _ _ _ savannah sparroviBasserculus sandwichensiaised under an
Hypothesis 2: Time-dependent compass orientation artificial starry sky identical to that used by Wiltschko et al.

This hypothesis implies that the birds use the stars as part (f987), calibrate their magnetic compass relative to the
a time-compensated star compass (similar to the sun compaasiificial sky’s centre of rotation when tested with no visual
(see Schmidt-Koenig et al., 1991; Alerstam et al., 2001) butues available during migration.
without being able to establish their geographical position Finally, however, using a planetarium, Rabgl subjected pied
(extract longitude and latitude information) from the rotationaflycatchers and redstarts to star patterns from different

phase of the starry sky. locations on the globe (Rabgl, 1998). His data suggested that
_ o _ _ the birds corrected for the simulated displacements.
Hypothesis 3: Time-independent compass orientation By exploiting the time-resolution of the computer-controlled

According to this hypothesis birds use the stars as a timédnnels, it is possible to design a single experiment that
independent celestial compass. The birds deduce north frodistinguishes between the above-mentioned five hypotheses.
the geometrical configurations of the stars independently dfhis was achieved by recording the directional choices of young
current stellar rotation. For detailed descriptions of hypothesegsied flycatchers and blackcaps tested in Emlen funnels for 11 h
2 and 3, see Emlen (1975). of the night while they could observe a stationary planetarium

sky. This planetarium sky mimicked the star patterns found

Sauer (Sauer, 1957; Sauer and Sauer, 1960) claimed that lisally at 02:35h (i.e. 7h into the night). Using this
experiments supported a true star navigation hypothesexperimental design, as shown in Fig. 1B, the bird’s directional
(Hypothesis 1a—1c). Gwinner and Wiltschko, however, pointeghoices as a function of time according to the five different star
out that his data could equally well be explained as effects afrientation hypotheses outlined above can be predicted.
an endogenous circannual clock (Gwinner and Wiltschko, If Hypothesis la is correct, the birds should experience a
1978). Emlen’s thorough investigations of how indigo buntingwirtual displacement from Siberia to North AmernigaEurope
use stars for migratory orientation (Emlen, 1967b, 1970, 1972)ver the course of one night. In Fig. 1A, the mean simulated
strongly suggested that indigo buntings do not make use of thecation during each 1 h period of the night is shown along with
rotational phase (also called the hour angle) of the starry skihe directions the birds are expected to orient in at different
neither to identify geographical position (Hypotheses l1a, 1imes of the night if they can deduce their geographical
and 1c) nor as part of a time-compensated star compagesition from the stars and correct towards a goal on the Iberian
(Hypothesis 2) like the sun compass (e.g. Schmidt-Koenig &eninsula (black arrows, Fig. 1A). In Fig. 1B, these directions
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are converted into expected directional choices as a functiany virtual displacement. Since celestial rotation is used
of time relative to the average expected direction seen over tineither to establish a current geographical position nor for
entire night. (Note that north corresponds to 0°, east fp 90 establishing a compass direction, the birds should orient in the
south to 180 and west to 279). In other words, the expected same direction during the entire night. The centre of rotation
average migration directions for each 1h period during thénorth) can be found from the geometrical constellations of the
night according to Hypothesis la are: 25255°, 252°, 249°,  stars alone and they, of course, remain stationary throughout
245°, 238°, 227°, 209°, 181°, 153° and 135, respectively. the night. The red arrows in Fig. 1A and the red line in Fig. 1B
The average direction expected over the entire night is fouriddicate the predictions of Hypothesis 3.
by vector addition to be 222 Consequently, when 222re
subtracted from each expected direction this gives for each )
hour the following expected deviations from the average Materials and methods
migration direction: 35, 33°, 30°, 27°, 23°, 16°, 5°, -13°, Computer-controlled Emlen funnels
-41°, —69° and —87. These values are depicted in Fig. 1B as Traditional Emlen funnels (Emlen and Emlen, 1966) as used
the dashed black curve, i.e. early in the night, the directiondly Mouritsen (1998a) were modified during 1995-1997. These
choices are expected to be west of the average migratid@mlen funnels are circular orientation cages with top diameter
direction (the birds are seemingly displaced to Siberia), whil800 mm, floor diameter 100 mm, 45loping sides, and the top
late in the night the hypothesis predicts directional choices topening covered by a fine-meshed plastic net allowing the birds
the east of the average migratory direction (the birds ar® see the sky. Instead of covering the walls with typewriter
seemingly displaced to North America). correction paper, 24 infrared emitter/sensors (CNY70 from
If Hypothesis 1b is correct, the birds should also experiencBEG) were fixed into 7 mmi7 mm holes (the sensor/emitter size
a virtual displacement from Siberia to North Amerigia  is 7mnmx7 mm) in a circle 7 cm from the floor and equally spaced
Europe over the course of one night. The only difference frorby 15° (see Fig. 2). Positioning the emitter/sensors 7cm from
Hypothesis 1a is that they choose the orthodrome (great circldje floor is a compromise between, on the one hand, reducing
heading which would lead them to the goal on the Iberiathe likelihood that the sensors are activated when a small
Peninsula. The expected directions from this hypothesisongbird is sitting on the floor and, on the other, increasing the
relative to the whole-night average direction are depicted olikelihood that the sensors are activated when the bird jumps.
Fig. 1B as a dash-dotted black curve. The emitters constantly emit infrared light (950nm) and the
If Hypothesis 1c is correct, the birds should head towardsensors measure how much of this emitted light is reflected back.
west before 02:35h and towards east after 02:35h. This When a bird jumps up and then slides past a sensor it will cause
indicated by the blue arrows in Fig. 1A and the blue curve ilincreased reflection of the emitted infrared light and a
Fig. 1B. The reason that the blue curve in Fig. 1B is notegistration results if the trigger level is set correctly. During the
symmetrical around 0 is that there are six 1 h periods of testiqresent measurements, a registration was scored if the measured
before 02:35h and only four 1 h periods after 02:35h, so thaeflection at any sensor exceeded a value 170% of the average
the expected average direction over the entire night should ln¢ the last 1000 reflection measurements (this limit can be
close to the true direction from Aarhus to the Iberian Peninsul@hanged manually by the experimenter). By employing such a
since the orientation in opposite directions before and afteelative trigger level, the system can withstand changes in the
02:35h should more or less cancel out. However, it should dmackground light intensity. A 100 MHz 486 computer controlled
average be skewed slightly towards the west due to the longeight funnels simultaneously. The readings from the sensors
time of testing before 02:35h than after 02:35h. The exaatere programmed as follows. Three sensors were always
position of the blue curve would move up and downytagis  monitored simultaneously. First, sensors 1, 9 and 17 of funnel 1
depending on the activity shown by any individual bird beforevere monitored, then sensors 2, 10 and 18 of funnel 1 and so on
and after 02:35h. The important point, however, is that thentil sensors 8, 16 and 24 of funnel 1 were monitored, then the
orientation of the birds is expected to change by°180 same procedure was run for funnel 2, then funnel 3 and so on.
02:35h, i.e. their orientations should be described by a stefVhen all sensors of funnel 8 had been monitored, the monitoring
function in the heading-by-time diagram (Fig. 1B). restarted in funnel 1. Using this particular computer any given
If Hypothesis 2 is correct, the birds should not experienceensor was monitored once every 74ms, giving a monitoring
any virtual displacement. However, their orientation is expecteftequency of 13.5Hz (in other words, a total of 2595 sensor
to change approximately 1571, if a time-compensated star outputs were read per second). This frequency is sufficiently
compass is based on a star or star pattern near the celestigh to record any bird sliding past the sensors.
equator. The green line in Fig. 1B indicates this prediction. Since the emitter/sensors are driven by electrical current, it
Stars located in other parts of the sky move at different speedss important to test whether the earth’s magnetic field inside
and they could be used for orientation. However, stars awafe funnels was critically affected when the infrared emitter-
from the celestial equator are less well suited as reliablgensors were running. We measured the field using a Flux-Gate
orientation cues, since their apparent motion over time seéviagnetometer (Fluxmaster-X, Mayer Messgerate; absolute
from the bird’s point of view is of a much more irregular natureaccuracy 0.5% relative to the measured value, smallest
If Hypothesis 3 is correct, the birds should not experienceetectable change approx. 0.01%, resolution 1nT, where
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Fig. 1. (A) Map illustrating the apparent displacement that the experimental birds will experience during the night, if tiveyaiagonal
phase of the starry sky to determine geographical position. The black arrows (Hypothesis 1a) show the predicted headinysufoofethe
night, if the birds (pied flycatchers) compensate for the apparent displacement by orienting towards the intermediateutheah iSzain
along a constant compass course route (loxodrome). The blue arrows (Hypothesis 1c) show the predicted headings, if Bate bgmpen
orienting back towards their true location (the location where the birds must expect to be that night). The red arrowsi¢-8)psitioev the
constant orientation in an innate migratory direction expected if birds use the stars for a time-independent compasge@ipmakathoices
expected in the computer-controlled funnels as a function of time for each of the five hypotheses (H) outlined in theoimttddlactdlack
dashed curve; H1b, black dash-dotted curve; Hlc, blue curve; H2, green line; H3, red line. Positive ordinate valuesr@gaioagetdithe
west of the normal migration direction, while negative values indicate directions to the east of it. For further expleeaérn, s

nT=nanotesla). The field strength changes in the north—southIn three test trials with no birds in the eight computer-
and east—west directions are smaller than the resolution of tkentrolled funnels, three of the funnels produced one false
magnetometer, whereas regular fluctuations between 0 anehistration each during the whole night, while the remaining 21
-40nT were superimposed on the vertical field of approxfunnels had no false positives. This very low false registration
35,000 nT in Aarhus, Denmark. The maximum change in fieldate will not have any measurable effect on the results. Test
strength is thus only 0.1% of the total vertical field strengthtrials, where the authors observed the birds’ migratory
and far smaller than the natural daily fluctuations (up taestlessness in the funnels, showed that virtually all jumps
+500nT) in the geomagnetic field. 10 min after measuring thé>95 %) resulted in a corresponding directional recording.

first field strength value, natural variations of the geomagnetic

field had changed the vertical field strength more than the 40nT Data collecting and analysing software

maximum change imposed by the electronic funnels. In A custom-designed computer program written in Turbo
conclusion, it is very unlikely that the minute changes in théascal (7.0 for DOS) runs the sensors. When the program is
magnetic field resulting from the electrical currents running tetarted, it first turns on the sensors and then initiates the
and from the emitter/sensors had any effect on the migratorpultiplexed registration. Whenever a sensor measures an
behaviour of the birds inside the funnels. increased reflection exceeding the trigger level, an impulse is
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Fig. 2. Sketch of the experimental equipment and set-up in the planetarium

sent to the computeia a simple A/D-converter. The program mean vector of the given funnel [i.e. the mean direction and
stores on a RAM-disk the identity of the activated sensor ancbncentration of the given bird’'s orientation, based on
funnel and the activation time to the nearest second. Also, @umulated data up to the present time (Batschelet, 1981)].
calculates the direction and length of the current cumulateDuring a delay of 500ms, which helps to avoid double
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registrations, the current result is updated on the computenaltered (natural) magnetic field of the planetarium, which
screen. Recording is then resumed. Thus the prograsimulated the natural local starry sky of Aarhus, Denmark, as
automates the recordings completely. If the experimenter islooks at 02:35h in the morning (local daylight savings time).
present, however, he can continuously monitor developinghe 02:35h setting was chosen because the star projector was

results on the screen. completely out of view from all the funnels at this setting.
When the results are saved, the program offers multiple
analysing tools and possibilities. One can view the raw data, Test procedure

get significance values for the Rayleigh Test, view the results Approximately 30min before natural sunset (approx.
graphically or schematically, view how the mean direction and9:00 h, depending on the exact date) each experimental bird
significance level developed with jump number and, mosivas transferred from its cage a dark, numbered textile bag
importantly, analyse any subset of the data separately. Thus,its funnel (see Fig. 2). At local sunset, the star projector was
the program enables the experimenter to analyse any particulwitched on and a program was initiated that simulated the
time interval separately. Only statistical analyses comparinipcal starry sky at 02:35 h, including the Milky Way. The moon
differences in direction or concentration between two differenbad been turned off and neither sunset nor sunrise was
birds or two different time-periods need to be done off-linesimulated. After a couple of minutes, the recordings of funnel
with separate software. activity commenced, upon which the experimenter left the
) . ) planetarium swiftly and silently. Between 07:30h and 10:00 h,
The orientation experiments the experimenter returned to the planetarium, and the birds
Experimental birds and sites were caught and transferred back to their cages.

In 1997, 14 first calendar-year pied flycatchEisedula In 1998, a control experiment was conducted with the same
hypoleucavere caught in mistnets during autumn migration orgroup of 20 pied flycatchers used in the stationary sky
30-31 August at Christiansg Bird Observatory ° {368\, experiment. These birds were also tested in the computer-
15°12E), Denmark, and 14 first calendar-year blackcaps wereontrolled funnels under a planetarium sky simulating the local
caught 13-16 September at Blavand Bird Observatorpatural rotating starry sky for the first 5.5h of the night. In the
(55°34'N, 8°06'E). All birds were subsequently transported tomiddle of the night, the star projector was turned off for 18s
Aarhus (5609N, 10°13E), Denmark, for testing. In 1998, and turned 180 horizontally. When the star projector was
another 20 first-year pied flycatchers and six first-yeaturned on again celestial north was located in geographical and
blackcaps were caught at Blavand in September and themagnetic south. The birds were tested under this-t@®ed
transported to Aarhus. All birds were kept outdoors in smalsky for the last 5.5 hours of the night. The stars continued to
cages (approx. 35cm85cnx35cm made of wood and rotate. Magnetic north was unchanged.
aluminium) in the natural magnetic field with food
(mealworms) and watexd libitum As a result, the birds had Data analysis and statistics
fat indexes of 4 or higher when used for experiments [the Most calculations were performed in the specially written
intestine was invisible owing to fat coverage according to theontrol and analysing program described above. Some
0-8 scale (Kaiser, 1993)]. Thereby, the reverse orientatiotalculations were done by a custom-written Matlab programme
often shown by lean birds was avoided (e.g. Sandberg et alMatlab version 5.3). For the main stationary sky experiment,
1988; Akesson et al., 1996). the following data analysis procedure was executed. First, the

In 1997, seven pied flycatchers were tested in the automatiwerall mean direction and directional concentration were
funnels on 21 September and seven blackcaps were testedaatculated for each bird (Fig. 3, Fig. 5). Second, the mean
28 September. In 1998, six pied flycatchers were tested on térections during each of the night's 1h periods were
September, six other individuals on 20 September, and the finedlculated for each individual bird. If less than ten jumps
six individuals on 4 October. On 19 October, six blackcapsccurred or if the mean direction was insignificant according
were tested. The tests were performed inside the planetariin the Rayleigh Test (Batchelet, 1981) within a given 1h
at the Steno Museum, Aarhus, Denmark. The planetariumeriod, the deviation from the mean direction was excluded
dome has a diameter of 11 m and the star projector (Zeiéoom these analyses. Our exclusion rules demanding
Skymaster ZKP 3) projects approximately 7000 stars, which isignificance’ (quotation marks are used because the jumps are
equivalent to those that can be seen by the naked human eydikely to be independent) and more than 10 jumps were
under optimal conditions. Celestial north in the planetariunbased on analyses of control experiments where no orientation
was identical to true geographical north. The geomagnetic fielcles were changed. If we split such data into 10-jump intervals,
strength inside the planetarium was slightly weaker than theost subsets of data reflect well the total mean direction of a
natural geomagnetic field (5-10% reduced) but the directiogiven bird based on hundreds or thousands of jumps, whereas
and inclination did not differ measurably from those of thethis is not the case for e.g. 5 jump intervals or intervals of any
natural geomagnetic field (the same Flux-Gate Magnetometsize where the mean direction is insignificant, according to the
as mentioned above was used). Thus, the direction®ayleigh test. This rule, therefore, ensured exclusion of
relationship between celestial and magnetic north was identicaleaningless orientation results. Furthermore, a bird had to be
to the outdoors situation. All tests were performed in thective during at least five 1 h periods in a given night to be
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Fig. 3. Orientation of 17 pied flycatchers tested under a rotating planetarium sky, where the stars were tuingtiel8ddle of the night.

(A) The orientation of the birds before the turn (first 5.5 h of the night). (B) The orientation of the same birds aftestifleccele were turned
180° (last 5.5 h of the night). (C) Comparison on an individual basis of the orientation after the turn relative to the oriefiatiohebturn of

the celestial cues. Each individual bird’s orientation before the turn is defined asTh8@, a direction of 360indicates a 180 turn in
orientation of the individual bird, equivalent to the turn of the celestial cues. The inner and outer dashed circlehedhckts bf the group
mean vector needed for significan€x .05 andP<0.01, respectively) according to the Rayleigh Test of uniformity. mN, magnetic north; cN,
celestial north.

included in the analyses (i.e. to be included, a bird must haxagreed with the predictions from any of the five hypotheses
produced at least 10 registrations and the mean directiautlined in the introduction.
shown must be significant during at least 5 of the 11 1 h periods For the control experiment in 1998, we calculated the mean
of the night). Thirdly, for each individual, the deviations fromdirection for each individual bird during the first 5.5h of the
that individual’s own total mean direction over the entire nighhight, where celestial north agreed with geographic and
were calculated for each 1h period. Fourthly, group meamagnetic north, and during the last 5.5h of the night, where
vectors and 95% confidence intervals (Batschelet, 1981) farlestial north was turned 18Gelative to magnetic and
these deviations in each 1h period were calculated argkographic north. The direction chosen by each individual after
depicted as a function of time (see Fig. 4, Fig. 6). For alturning celestial north was also compared to the same
calculations on direction, vector addition and circular statisticendividual’'s heading before the turn.
were used. For testing how the mean direction chosen by the
birds changes over the course of the night, we tested whether
the birds’ orientation during the different hours of the night Results
In the experiment where celestial north was turned in the
middle of the night, the birds oriented towards SSW
(a=192°, r=0.47,N=17, P<0.05, 95% confidence interval
150-23#) during the first half of the night, but towards NE
(a=37°, r=0.45, N=17, P<0.05, 95% confidence interval
350-84%°) in the last half of the night following the 18@urn
of the celestial cues, see Fig. 3A,B. The 95% confidence
intervals do not overlap, so the turn in orientation is
statistically significant. Comparing the directions at an
individual level before and after the 18turn of the celestial
cues revealed a significant clockwise turn of 186=0.56,
N=17, P<0.01, 95% confidence interval 100-IJ2 see
Fig. 3C. Analysed this way, the birds turned slightly less than
the expected 180
In the stationary sky experiment, 12 pied flycatchers were
active and oriented during at least 5h of the night. These birds
Fig. 4. Whole-night or_ientation of the _12 pied flycatchers that wergsnowed significant southern orientation=089°, r=0.53,
tested under a stationary planetarium sky, and whose hourlP(IZlZ,P<0.05) seen over the entire night, as shown in Fig. 4.

orientations form the basis for Fig. 5. The birds oriented in &he mean autumn migratory direction of Scandinavian pied
southerly direction, not significantly different from the expectedI catchers found in ringing recoveries is 24&louritsen and
autumn migratory direction. Each dot at the circle peripher)fy ging

indicates the mean orientation of one individual bird. The arromMou_ritsen’ 2000)' This direction is included in the 95%
indicates the group mean vector. The dashed circle indicates tg@nfidence interval (142-23p (Batschelet, 1981) for the

radius of the group mean vector needed for significaRe®.05)  Orientation of the experimental birds.
according to the Rayleigh Test of uniformity. The headings as a function of time for the 12 pied flycatchers
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Fig. 5. Orientation of young pied flycatchers tested under a stationary planetarium sky for 11h. The black dashed (conssmiooosepa
routes) and the black dash-dotted (great circle routes) curves represent the predicted orientations, if the birds caédgtaghazal (map)
information from the stars and corrected for their apparent displacement. The solid blue line represents the predidtatspiieh&abirds
could deduce geographical (map) information from the stars and corrected back towards the capture site. The solid grearl1beshipe
indicates the predicted orientation of the birds if they use a time-compensated star compass. The horizontal red lisetheppesditted
orientation of the birds if they use a time-independent star compass. The group’s mean headings during each 1h intewabaréheho
circular diagrams at the top. Each diagram corresponds to the point directly below it. The numbers in these diagramsrgber thichirds
that were active and oriented during each 1h period. Directly below, the headings are plotted as circles with error tiags 96&tca
confidence intervals for the groups’ mean orientation, for easy comparison with the predictions of the different hypotbédesiraddes
indicates that the group-mean-vector was significant. Open circles indicate a non-significant group-mean-vector. The Heaek Boéd
indicates the best linear regression through the data points and the heavy black dashed line indicates the 95% confalefucetheterv
regression. The data suggest that young pied flycatchers use a time-independent star compass, and that they are notahleeito dedu
geographical position from the rotational phase of the starry sky.

that showed significantly oriented activity in at least 5 1hperiods during the night is shown in Fig. 7. Linear regression
periods during the night is shown in Fig. 5. Linear regressionn the data points gives the equation
of the data points yields the equation: y=-1.6-0.3, 2)

y=228-38, (1) and is indicated by the heavy solid black line on Fig. 7. The

wherey is the deviation from the overall mean direction and95 % confidence limits for the regression include the straight
x is the time of night. This is indicated by the heavy solidine y=0° predicted by Hypothesis 3. Again, the straight line
black line in Fig. 5. The 95% confidence limits for they=(-15°h=1)x+90° predicted by Hypothesis 2 is not included
regression includes the straight lings0°, predicted by by the data, nor do they support Hypotheses 1a, 1b or 1c.
Hypothesis 3. In contrast, the straight lings(-15°h~ Another way to compare the data with the predictions of the
)x+90°, predicted by Hypothesis 2, is not included by thefive hypotheses is to count how many 95% confidence
data. No signs of any step-function as predicted byntervals of the individual data points (hourly group mean
Hypothesis 1c are found in the data, nor do they follow therientations) fail to include the value predicted by each of the
predictions of Hypothesis 1a and 1b. five hypotheses. Such an analysis is presented in Table 1. In

A total of seven blackcaps were active and oriented durinthe case of pied flycatchers, the predictions of a time-
at least 5h of the night under the stationary sky. These birdsdependent star compass (Hypothesis 3) are included by the
showed almost-significant southern orientatiom=168°, confidence interval for the birds’ headings during all hours of
r=0.614, N=7, P=0.07) as shown in Fig. 6. The 95% the night. For all other hypotheses, at least three data points
confidence interval for the orientation of the experimental birdare significantly different from the predictions. For blackcaps,
is 111-225 (Batschelet, 1981). the confidence intervals of the birds’ headings during most

The headings as a function of time for the seven blackcag®urs of the night include the predictions of a time-independent
that showed significantly oriented activity in at least 5 1hstar compass (Hypothesis 3). This is not the case for any of the
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Table 1.Number of data points for which the 95 % confidence
interval of a given data point does NOT include the direction
predicted by a given hypothesis

Hypothesis Pied flycatchers Blackcaps
la 3 6
1b 3 8
1c 7 10
2 3 8
3 0 2

true star navigation, was observed (Hypothesis 1a—c). In other
words, they did not seem to perceive any longitudinal
Fig. 6. Whole-night orientation of the seven young blackcaps, testedisplacement during the night. Also, there was no gradual
under a stationary planetarium sky, and whose hourly orientatior@ghange in orientation consistent with a time-compensated star
form the basis for Fig. 7. The birds oriented in a southern directiocompass (Hypothesis 2).
not significantly different from the expected autumn migratory The data on the blackcaps are less clearcut, probably because
direction. For an explanation of the figure construction, see legend if the relatively low sample sizBi£7). The data appear to show
Fig. 4. a turn towards the west in the middle of the night. This
appearance is based mainly on one data point ftHeodr of
other hypotheses (at least six points significantly different fronthe night), however, and, in fact, the best linear regression is
predictions). very close toy=0°. A slight easterly turn, as predicted by the
true star navigation hypotheses (Hypotheses la and 1b), is
weakly indicated in the late night (the stars correspond to
Discussion locations west of the normal migratory route). However, the
For both pied flycatchers and blackcaps, our data obtainathta from the first half of the night are east of the orientation at
under the stationary sky can best be explained by Hypothesisidnight as opposed to the more western orientation predicted
3. Birds use the stars as a compass only, and this compass nmsthe true star-navigation hypotheses (the stars correspond to
likely is based on geometrical recognition of star patternfocations east of the normal migratory route). No evidence of a
learned during ontogeny, and therefore seems independenttohe-compensated star compass mechanism was observed.
celestial rotation and time later in life. During our experiments, the magnetic field in the
The pied flycatchers clearly oriented in more or less thelanetarium was unaltered and identical to the geomagnetic
normal migratory direction all night, even though the stardield with respect to direction and inclination, but the intensity
were stationary. No clear change in direction towards the endas reduced by 5-10%. Why did we not neutralize the
of the night, as would be expected if they had been performingeomagnetic field?
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S S

on from overdl meandirection (degrees
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90 -
60 -
Fig. 7.  Orientation of young 301
blackcaps tested under a stationary 0+
planetarium sky for 11h. The data .Q _3q |
suggest that young blackcaps use a-% 60

time-independent star compass, andc
that they are not able to deduce their 8 -90 :
geographical position from the é -120 . T
rotational phase of the starry sky. <

For an explanation of the figure
construction, see legend to Fig. 5. Hours after sunset
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We did not neutralize the geomagnetic field because itsvidence of a fixed-time internal clock has been found in any
presence provided for the most realistic test of Hypothesdsrd species.
la—1c against Hypothesis 3. Under natural conditions, the
geomagnetic field is always present and its inclination remains We are very grateful to the many people without whom the
virtually constant at a given latitude (Wiltschko and Wiltschko,funnel development and the subsequent experiments would
1995a). Thus, in a real displacement identical to our simulateabt have been possible, especially to Torben Andreasen and
celestial displacement, the geomagnetic field would always @ent Bach Andersen at the electronics workshop of Odense
present and its inclination would remain virtually constantUniversity, and to Finn Andreasen, Henrik Larsen and René
since the displacement occurred along a constant latitude bfansen at the machine shop of Odense University. We also
approx. 55 N. Therefore, we did not neutralize it. If birds are wish to thank Ole Knudsen and the staff at the Steno
able to deduce their geographical longitude from the rotationgllanetarium in Aarhus and Bent Jacobsen and the staff at
phase of the starry sky (Hypotheses 1a-1c), they should be ald&vand Bird Observatory for their help and housing. We also
to do so in the presence of an unchanged magnetic fieldppreciate the help of Jargen Rabgl, who kindly shared his
Similarly, an unchanged geomagnetic field is the most realistiexperience and equipment for planetarium experiments. The
condition for testing Hypothesis 3. Only if the birds were usingCentre for Sound Communication is financed by the Danish
a time-compensated star compass (Hypothesis 2) would a cudational Research Foundation. H.M. is currently supported by
conflict situation occur. In that case, the birds’ reactions in théhe Carlsberg Foundation. This is report no. 32 from Blavand
parallel experiment where we turned celestial north in th&ird Observatory.
middle of the night (see Fig. 3) suggest that the birds would
orient according to their star compass and not to their magnetic Ref
compass, since the same group of birds prioritised their elerences _

lestial compass over their magnetic compass for orientatioAr?le’ K P. and 'Able, M. A (_1990). _Callbratlon of the magnetic compass of
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