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Summary. To test whether the sun compass of 
pigeons is calibrated by the magnetic field, a group 
of young pigeons was raised in an altered magnetic 
field in which magnetic north was turned ca. 65 ~ 
(in 1974 and 1975) and 120 ~ (in 1980) clockwise. 
They could see the sun only in an abnormal rela- 
tion to the magnetic field, since they were released 
for exercise flights or training flock tosses only 
when the sky was totally overcast. 

On their first flight in sunshine these experi- 
mental birds deviated clockwise from the mean of 
their controls; the amount of  this deviation was, 
however, only about half of  the shift in magnetic 
north. On their second flight in sunshine the clock- 
wise deviation changed to counterclockwise. This 
change occurred after an exercise flight in sunshine 
as well as after a homing flight. On later flights 
in sunshine the differences in orientation between 
experimentals and controls seemed to disappear. 

These findings indicate that the magnetic 
compass is involved in the learning process to es- 
tablish the sun compass, but the relation between 
the two systems is more complex than the calibra- 
tion hypothesis assumed. 

Introduction 

Numerous clock-shift experiments have document- 
ed that under clear skies experienced homing 
pigeons use the sun compass to localize directions 
- a mechanism based on the relationship of sun 
azimuth, time, and geographic direction (Schmidt- 
Koenig 1958; for summary see R. Wiltschko 1980, 
1981). When we found that the birds' knowledge 
of this relationship is not innate but has to be es- 
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tablished by experience (W. Wiltschko et al. 1976), 
we began a series of experiments to study the devel- 
opment of the sun compass in young homing 
pigeons. It became evident that the birds could 
not derive a geographic direction from the sun at 
a time of day when they had never seen it before 
(R. Wiltschko and W. Wiltschko 1980; R. 
Wiltschko etal .  1981). Apparently they must 
observe large portions of the sun's arc to find out 
at what time the sun is in which position. Their 
ability to generalize or to extrapolate seems to be 
much smaller than, for example, that of  honey bees 
(Lindauer 1959). This leads to the question of how 
the birds judge the sun's motion to associate it 
with geographic direction and what they use as 
points of  reference. 

There are three obvious possibilities: 
(1) The birds observe the sun's position from 

a fixed location and record its progress relative 
to visual landmarks. This would result in a sun 
compass completely independent of all other 
means of detecting direction. 

(2) The birds record the sun's changing azimuth 
relative to the magnetic compass, a possibility that 
appears most likely since recent findings indicate 
that the magnetic compass is used by young 
pigeons before the sun compass is established (R. 
Wiltschko and W. Wiltschko 1981; R. Wiltschko 
et al. 1981). Such a mechanism has been found in 
night-migrating birds, where the star compass can 
be calibrated by information from the earth's mag- 
netic field (cf. W. Wiltschko 1980). 

(3) In pigeons, sun compass orientation is 
always part of  the homing process. Thus it is possi- 
ble that the birds when establishing their naviga- 
tional 'map '  (see W. Wiltschko and R. Wiltschko 
1982) learn how the sun's azimuth varies relative 
to the directions of  the gradients for bicoordinate 
navigation in the course of the day. In this case, 
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the sun compass would be connected directly with 
the navigational 'map ' ,  a possibility first suggested 
by Wallraff (1974). 

All three possibilities would have the same 
result, and therefore we cannot tell by simple ob- 
servation which method is used. The most promis- 
ing approach lies in experimentally manipulating 
the learning process. We began testing the hypoth- 
esis that the sun compass is calibrated by the mag- 
netic compass: We raised a group of young pigeons 
in such a way that they always viewed the natural 
sun in an abnormal relation to the magnetic field. 
The results clearly indicate that the birds' orienta- 
tion is affected by this treatment, but they leave 
many questions about the interrelation of sun ori- 
entation and magnetic compass unanswered. Nev- 
ertheless, because this type of experiment will not 
be continued in the near future, our findings are 
reported here. 

Materials and Methods 

The experiments were conducted in the summers of 1974, 1975 
and 1980 at the Cornell pigeon loft at Ithaca, New York, USA 
(42~ 76~ 

The 'Magnetic Loft' 

The birds were housed in a small portable loft (1.5 m x 1.2 m x 
1.4 m) that  provided space for up to 50 young pigeons and 
was equipped with an open aviary covering the roof  where 
the inhabitants  had a full view of the sky (Fig. 1). I t  was placed 
in the center of a pair of Helmholtz coils (2.7 m diameter, 
1.35 m clearance, 40 windings of copper wire) aligned in such 
a way that  the horizontal component  of the resultant magnetic 
field was rotated clockwise to geographic east, while total inten- 
sity and inclination were approximately the same as in the geo- 
magnetic field. In 1974 and 1975 the shift in magnetic nor th  
was ca. 65 ~ to ENE, and in 1980 it was ca. 120 ~ to ESE. 

The setup was technically rather imperfect; the magnetic 
field was not  completely homogeneous in the range of the loft. 
Condit ions as described above existed only in the center of 
the coils, with distortions (distributed more or less symmetri- 
cally) near the windings. In the aviary from which the birds 
could observe the sun, the field was roughly homogeneous 
except at the edges where intensity, declination and inclination 
varied. In particular the inconstant  directional information 
might be expected to add a certain scatter to the orientation 
of the experimental birds. Their vector lengths, however, were 
not  regularly shorter than those of the controls. 

In 1975 and 1980, the controls lived in a small portable 
loft similar in size and construction to the experimental loft 
including a roof  top aviary. Only in 1974 were the control 
birds housed in a section of a normal pigeon loft which, among 
other things, differed from the magnetic loft in having only 
a small aviary on its south side and in being much more shielded 
from wind etc. 

Experimental Birds 

In early spring 1974, 11 pairs of adult pigeons were moved 
into the magnetic loft where they laid eggs and raised young- 
sters. These young birds and additional birds that  had been 

Fig. 1. The experimental loft within Helmholtz coils; the inhab- 
itants could see the sun only in altered relationship to the mag- 
netic field 

put  into the magnetic loft after they had been separated from 
their parents at an age of ca. 24 days were raised together. 
Since there was no difference in behavior between the two 
groups, in 1975 and 1980 we used only experimental birds that  
had been living in the magnetic loft from the age of ca. 24 days. 
The control birds were of  equal age and experience; in 1975 
and 1980, most  of them were siblings of the experimental birds. 

When the young pigeons were ready to fly, the control 
and the experimental groups were settled in their respective 
lofts and were released together for exercise flight. Since the 
experimental birds were to see the sun only in the altered mag- 
netic field at  their loft, all tide settling and exercise flights took 
place only under totally overcast skies when a solid cloud cover 
could be expected to last for several hours. Those experimental 
birds that  were to be tested as trained birds were given a series 
of training flights when the sky was completely overcast - 
10 flights up to 8 km in 1974 - while the control birds had 
the corresponding flight in sunshine. In 1980, experimentals 
and controls were trained together under overcast skies; they 
had 17 flock tosses from up to 8 km in all directions, the birds 
of groups IV and V (see below) had three additional flights 
before being tested. Thus, the experimentals had gathered all 
their flying experience in magnetically natural  conditions under  
overcast conditions, presumably using their magnetic compass. 
The only difference from the controls was that  they had to 
pass a distorted magnetic field when leaving and entering their 
loft, and - most  important  - that  when they stayed in their 
aviary they saw the sun in an abnormal  directional relation 
to the magnetic field. 

When releasing the experimental birds for exercise or train- 
ing flights, we faced the problem of having them back in the 
altered magnetic field before the sun came out. This proved 



to be not too difficult. Because of the structure of the loft, 
the birds usually landed on top of their aviary, i.e. inside the 
altered magnetic field, and by carefully rationing the birds' food 
on days when overcast was expected, we were normally able 

. to trap them in time. Any latecomers were easily identified 
by the large numbered band, and their accidental sun exposure 
was noted. Since a large number of experimental birds was 
required, those pigeons whose exposure could be considered 
negligible (i.e. when it was very short, mostly sitting and had 
occurred at an early age during the process of settling the birds 
at their loft) had to be included in the critical tests. In these 
cases, the exposure did not appear to affect their behavior, 
as their vanishing bearings did not differ from those o f ' c l ean '  
experimentals, in contrast to the effect of a later extended exer- 
cise flight in bright sunshine (see below). The controls were 
treated similarly, though not quite as strictly as the experimen- 
tals. 

Experimental Procedure, Data Analysis and Statistics 

The critical tests were performed on sunny days. Each bird 
was released singly from the hand and watched by one or two 
observers using 10 x 40 or 10 x 50 binoculars until it vanished 
from sight. Experimentals and controls were released alternate- 
ly so that both groups were exposed equally to any temporally 
changing environmental conditions. The vanishing bearings 
were recorded with a compass to the nearest 5 ~ bearings 1 rain, 
2 rain and 3 min after release were also taken. The interval 
between release and vanishing was recorded with a stop watch, 
and observers at the loft recorded the arrival times of the birds 
successfully homing. 

The mean vector of each set of bearings was calculated 
by vector addition. This vector was used in testing the distribu- 
tion of the bearings for non-uniformity by the Rayleigh test. 
Vanishing bearings of experimentals and controls were com- 
pared using the Watson-Williams test (Batschelet 1965), and 
the vanishing intervals and the homing times were compared 
using the Mann-Whitney test. 

Results 

The hypothesis to be tested was that the sun 
compass is calibrated by the magnetic field. If  this 
is true, and provided that the birds only need to 
see the sun while sitting at their home loft to cali- 
brate the sun compass, we should expect the exper- 
imental birds to show a deviation from the controls 
corresponding to the shift of  magnetic north at 
their loft, i.e. ca. 65 ~ clockwise  in 1974 and 1975, 
and ca. 120 ~ clockwise  in 1980, at least for their 
first flight under sun. On later flights the experi- 
ence they obtained while flying in the sun might 
lessen any effect. 

This prediction is based on the assumption that 
our experimental birds had a normally developped 
navigational system because of  their experience 
gathered during the numerous exercise and train- 
ing flights in magnetically natural conditions under 
totally overcast conditions. Alternatives will be dis- 
cussed. Table 1 gives the data of  the individual re- 
leases. 
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Fig. 2. On their first flight in sunshine, inexperienced experi- 
men :al birds showed a significant (P < 0.05) clockwise deviation 
frorI the mean of their controls. In this and all following fig- 
ures the vanishing bearings of control birds are given as open 
symi,ols and those of experimental birds as solid symbols at 
the l~eriphery of the circle. An open and a solid arrow, respec- 
tivel I, give the mean vectors with their length drawn propor- 
tion~ d to the radius of the circle (r= 1). The home direction 
is m ~rked by a dashed line, and home plus the deviation of 
mag 1eric north is marked by a double triangle inside the circle. 
Tria zgles: test 75-1, dots 75-2 (see Table 1 a (1)) 

Fir  t Flights Under Sun 

In 1975, we perfomaed two tests with untrained 
yot ng pigeons that were ca. 16 and 20 weeks old 
an~ whose only flying experience consisted of  in- 
frequent exercise flights under overcast skies at the 
lof~ The vanishing bearings of  these tests 75-1 and 
75-~ are given in Fig. 2. Pooling the two releases, 
the experimentals' mean lies 44 ~ clockwise  from 
the mean of  the controls; the difference is statisti- 
cally significant (P<0.05,  Watson-Williams test). 
Fig are 3 presents tile vanishing bearings of  three 
tes~ performed with experimental birds that had 
cot ~pleted a short training program under totally 
overcast skies. In these tests, we found a clockwise 
dex iation, which is significant for the two 1980 
tesl s (Fig. 3 b, c). It was, however, always markedly 
sm~tller than the shift in magnetic north, at the 
mo st only about  half of  it. 

In summary, on their first flight in sunshine, 
the experimental birds showed a deviation in the 
exl: ected direction, but in most cases this shift did 
not correspond to t]he shift in magnetic north. 

A study on the development of  sun orientation 
(R  Wiltschko and W. Wiltschko 1981) had clearly 
sh(,wn that the timing of  the establishment of  the 
sin. compass strongly depends on the birds' flying 
exterience, which normally means flying mostly 
in ~;unshine. In a first test 74-1, untrained experi- 
m@tals only 13 weeks old had shown a non-signif- 
icapt counterclockwise deviation (Table 1); today 
weJknow that these young birds with their limited 
fly~ng experience could not be expected to use the 
su~ compass. To check whether our 1980 test birds 
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Table 1. The da ta  o f  the individual releases, including age and  experaence o f  the test birds are given: R o m a n  numbers  mark  
test groups  (a group  o f  experimentals  plus the cor responding  group  o f  controls)  whose  successive per formances  can be fol lowed 
up in the series o f  tests. Trea tment  (tr) indicates whether  the sample were controls  (C) or  experimentals  (E); the indices indicate 
which  flight in sunshine the respective flight was. CSf = a sample o f  controls  whose  internal  clock was shifted 6 h fast. g~ = direct ion 
o f  m e a n  vector;  r m = length o f  mean  vector,  asterices indicate significance by the Rayleigh test. A C = difference in mean  direction 
between experimentals  and controls ;  + =clockwise ,  and  - = c o u n t e r c l o c k w i s e .  Asterices at AC indicate that  this difference is 
significant by the Wat son  Will iams test. Median van. int. median  vanishing interval;  median hom. int. median  homing  interval;  
asteriees indicate that  these da ta  f rom experimentals  and controls  differ significantly by the M a n n  Whitney test. Significance: 
* P < 0 . 0 5 ,  ** P < 0 . 0 1 ,  *** P < 0 . 0 0 1  

Test Date  Release site, tr  Birds ~m rm AC Median  H o m e d  Median  
group and home  direction, released van. int. day 1 horn. int. 

age distance (bearings) (min: s) (later) (h :min)  

a) First f l ight under sun 

(1) Un t r a ined  pigeons:  

74-1 17.7.74 Wes t  Moun ta in  C 9 (9) 341 ~ 0.79** 4:05 6 (1) 1:03 
13 weeks 288 ~ I9.1 km E t 10 (10) 309 ~ 6.68** ( - 3 2  ~ 6:33 9 (-)  0:32 

75-1 15.7.75 Auburn  C 12 (10) 222 ~ 0.74** 8:04 - (2) 2 d a y s  
16 weeks 170 ~ 66.2 km E 1 I1 (10) 283 ~ 0.31 +61 ~ 8:44 1 ( i )  i day  

75-2 9.8.75 Aubm'n  C 13 (11) 215 ~ 0.76*** 6:10 1 (3) 2 d a y s  
20 weeks 170 ~ 66.2 km E 1 14 (11) 255 ~ 0.76*** + 4 0  ~ 6:15 - (2) 2 days 

(2) Pigeons that  had  completed  a shor t  t ra ining progrmaa : 

74-2 29.7.74 West  M o u n t a i n  C 9 (9) 296 ~ 0.49 4:09 8 (1) 0:58 
I 15 weeks 288 ~ 19.1 k m  E a 12 (9) 342 ~ 0.53 + 4 6  4:45 12 0:58 
80-1 27.7.80 Langmui r  C I1 (10) 157 ~ 0.97*** 3:52 11 0:14 
III 16weeks  158 ~ 5.9 km E~ 11 (10) 186 ~ 0.92*** + 2 9  ~** 4:19 11 0:16 

CSf 11 (10) 103 ~ 0.71"* - 5 4  ~ 3:55 10 (-)  0:24 
80-3 22.8.80 South  D a n b y  C 10 (10) 313 ~ 0.89*** 6:52 10 0:48 
IV 20 weeks 14 ~ 12.1 km E a 12 (10) 18 ~ 0.92*** + 6 5  ~ 5:47 12 0:57 

b) Second fl ight under sun 

(I) First  flight had  been a homing f l ight  under  sun the previous day:  

80-2 28.7.80 Level Green  C 11 (8) 3 ~ 0.69* 
III 16 weeks 309 ~ 15.4 km E 2 11 (10) 290 ~ 0.60* - 7 3  ~ 
80-4 23.8.80 Wes t  M o u n t a i n  C 13 (12) 351 ~ 0.97*** 
IV 20 weeks 288 ~ 19.1 km E 2 12 (12) 313 ~ 0~73"** - 3 8  ~ 

(2) First  flight had  been an exercise f l ight  at the loft under  sun:  

74-3 31.7.74 Auburn  C 13 (12) 128 ~ 0.64** 
II 15 weeks 170 ~ 66.2 km E 2 12 (12) 34 ~ 0.46 - -94  ~  
80-4 23.8.80 West  M o u n t a i n  C 13 (12) 351 ~ 0.97*** 
V 20 weeks 288 ~ 19.1 km E 2 8 (7) 286 ~ 0.85*** - -67 ~ 

c) Later f l ights under sun 

74-5 19.8.74 Weedspor t  C 9 (8) 176 ~ 0.90*** 
I 173 ~ 73.3 km E 2 13 (10) 157 ~ 0.20 - -19  ~ 
74-6 19.8.74 Orwell, Pa. C 8 (6) 290 ~ 0.81 * 
II 348 ~ 6 5 . 2 k m  E 3 11 (7) 311Q 0.95*** +21  ~ 
80-5 25.8.80 West  M o u n t a i n  C 11 (10) 328 ~ 0.86*** 
III 288 ~ 19.1 km E 3 11 (i1) 275 ~ 0.80*** - 5 3  ~  
80-6 3.9.80 Perry City C 11 (9) 307 ~ 0.60 
III 104 ~ 23.0 km E 4 11 (8) 237 ~ 0.53 - 7 0  ~ 
80-7 6.9.80 Locke C 11 (10) 213 ~ 0.91"** 
IV, V 170 ~ 26.8 km E 3 14 (10) 230 ~ 0.57* + 17 ~ 
80-8 28.9.80 Virgil C 7 (5) 225 ~ 0.88* 
IV, V 250 ~ 21.8 km E 4 18 (4) 226 ~ 0.98"* + 1 ~ 
80-9 1.10.80 Ecklor R o a d  C 12 (8) 269 ~ 0.91 *** 
IV, V 349 ~ 30.9 km E 5 12 (8) 304 ~ 0.62* + 35 ~ 

4:36 11 1:09 
5:02 11 0:51 
3:37 12 (-)  1:19 
3:46 12 1:07 

5:13 4 (1) 2:11 
3:35 4 (3) 7:10 
3:37 12 (-) 1:19 
6:17 7 (2) 2:03 

3 : 57 8 no t  rec. 
5:45 10 no t  rec. 
5 : 06 6 no t  rec. 
5 : 04 7 no t  rec. 
7:00 11 0:57 
8:13 10 (1) 1:06 
5:50 5 (5) 5:20 
7:32 6 (5) 2:49 
3:31 10 (1) 1:39 
4:50 14 1 :19"  
6 : 21 7 no t  rec. 
2:32 18 no t  rec. 
2:55 5 (7) 2 d a y s  
3:13 8 (4) ca. 4:00 
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Fig. 3a-e .  On  their first flight in sunshine, experimental birds that  had been trained under  overcast condit ions showed a clockwise 
deviation f rom their controls, a Test 74-2, b test 80-1; open triangles and the open arrow with a triangle tip mark  the bearings 
and the mean  vector of  a group of  control  birds whose internal clock had been phase-shifted 6 h fast (see text), e Test 80-3 

(see Table i (2)) 

Table 2. Differences in the mean  directions of  the experimentals and controls 1, 2, and 3 min after release. Sign. sample indicates 
which sample controls (C) and experimentals (E) - are significant by the Rayleigh test with at least P <0 . 05 .  A C  gives the 

difference in mean  direction, see Table 1 

Test I min 2 rain 3 rain Van. bearings 

number  
Sign. A C Sign. A C Sign. A C Sign. A C 
sample sample sample sample 

a) First f l ights  under sun 

75-1 None  + 90 ~ None  - 121 ~ None  - 54 ~ C + 61 ~ 
75-2 E + 19 ~ E + 36 ~ E + 26 ~ C, E + 40 ~ 

74-2 C, E + 42 ~ None  + 69 ~ None  + 64 ~ None  + 46 ~ 
80-1 C, E -- 9 ~ C, E - 2 8  ~ C, E + 7 ~ C, E + 2 9  ~ 
80-3 C, E -- 9 ~ C, E + 5 2  ~ C, E + 1 4  ~ C, E + 6 5  ~ 

b)  Second f l igh ts  under sun 

80-2 C, E -- 9 ~ E -- 30 ~ C, E -- 54 ~ * C, E - 73 ~ * 
80-4 E --37 ~ C, E --22 ~ C, E --24 ~ C, E - 3 8  ~ 

74-3 C --153 ~ None  --113 ~ None  --71 ~ C --94 ~ 
80-4 None  --47 ~ C, E - 55 ~ C, E -- 38 ~ C, E -- 67 ~ *** 

were using the sun compass, we released in test 
80-1 as a third group control birds whose internal 
clock had been phase-shifted 6 h fast (marked CSf 
in Table 1, a). These birds, aged 16 weeks, pro- 
duced vanishing bearings deviating significantly 
(P<0.05)  from those of  the untreated controls 
(Fig. 3 b, open triangles); yet the 54 ~ deviation was 
only roughly half the expected amount for a 6 h 
fast shift at this time of  the year. The distribution 
of  the bearings seems to suggest that possibly some 
birds made full use of  the sun compass, while 
others showed only a slight shift. Altogether, this 
clock-shift test seems to indicate that birds 
knowing the sun only from sitting in their loft are 
able to establish a sun compass, but  apparently 
not all of  our birds had completed this process. 
This must be considered when the amount of  de- 

viation between the experimentals and the controls 
is interpreted. 

Table 2 lists the differences in bearings at 1, 
2, and 3 min after the five releases in which the 
test birds were experienced enough to use their sun 
compass. The clockwise deviation observed in the 
vanishing bearings seems to manifest itself only 
slowly during the departure of  the birds. 

Second Flights in Sunshine 

In the two 1980 tests, all trained birds returned 
from their first flight in sunshine on the day of  
release, and they were released again in sunshine 
the following day from a new site. Their vanishing 
bearings are given in Fig. 4. The experimental birds 
now show a pronounced counterclockwise devia- 
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tion from their controls, which is significant in test 
80-4 (P<0.05,  Fig. 4b). 

This switch from a clockwise deviation on the 
first flight to an counterclockwise deviation on the 
second flight is also found when the first flight 
in sunshine was not a homing flight but merely 
an exercise flight at the loft (see Fig. 5). In test 
74-3 (Fig. 5a), the birds had had a sun flight for 
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Fig. 4a,  b. Experimental birds that  had homed ill sunshine the 
previous day from test 80-1 and 80-3 showed an  counterclock- 
wise deviation from their controls on their second flight in sun- 
shine. ,~ Test 80-2, b test 80-4 (see Table 1 b (1)) 

a 

~o~ 
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Fig. 5a, b. Experimental birds that  had previously had one exer- 
cise flight at  their loft in sunshine also showed counterclockwise 
deviation from their controls when released in sunshine for 
a second flight, a Test 74-3, b test 80-4 (see Table 1 b (2)) 

ca. 10 min the day before, and in test 80-4 (Fig. 5b) 
the birds had had a sun flight for ca. 30 min a 
week before they were tested. In both cases, the 
counterclockwise deviation of  the experimentals 
from the controls is significant ( P <  0.01). 

The differences in bearings at 1, 2, and 3 min 
for these releases are listed in Table 2. Here the 
experimentals tended to show the counterclockwise 
deviation immediately after their release. 

Later Flights in Sunshine 

The experimental birds returning from their first 
two flights continued to live in the magnetic loft 
and were repeatedly released in sunshine. Their 
later behavior, however, does not form a uniform 
picture. In 1980, the birds of group III continued 
to show a marked counterclockwise deviation at 
least on their third and fourth flights in sunshine 
(Fig. 6a, b). The experimental birds of  the other 
groups, however, appeared to orient more or less 
like their controls on their third (Fig. 6c) and later 
flights (Table 1). This seems to indicate that the 
difference in orientation between experimentals 
and controls eventually disappeared. 

We never found a consistent difference between 
the experimentals and the controls in vanishing in- 
tervals and homing times. 

Discussion 

Growing up in the loft from which they could 
observe the sun only in an abnormal directional 
relationship to the surrounding magnetic field af- 
fected the birds' orientation in sunshine: On their 
first flight in sunshine the experimental pigeons 
deviated from the controls in the direction in which 
magnetic north had been turned. However, the 
amount  of  the deviation was generally smaller than 

s 
a 

o o N �9 

b e 
Fig. 6. One group of experimental birds continued to show counterclockwise deviation from their controls on their third (a 
test 80-5) and fourth (b test 80-6) flight in sunshine, while the other groups did not  (e test 80-7). See also Table 1 e 



that predicted by the calibration hypothesis. This 
is difficult to interpret. The magnetic field in the 
aviary that was not completely homogenous may 
have played a role. But, as the clock-shift test 80-t 
seems to indicate, it is also possible that some of  
our young, unexperienced test birds may not have 
completed the process of establishing their sun 
compass. Likewise, it is possible that our test birds 
not having been able to calibrate their sun compass 
in a normal way i.e. during flight, gave less weight 
to it than normal birds. Faced with a discrepancy 
between their magnetic compass and their sun 
compass, they may have chosen a compromise. 

Another finding is even more puzzling: One 
experience of  flying in the sun - during an exercise 
flight a the loft just as on a homing flight - changed 
the clockwise deviation into an counterclockwise 
one. This reaction looks like over-compensation 
and can hardly be explained in terms of a simple 
re-calibration of  the sun compass, but appears to 
suggest a much more complex relationship between 
the sun compass and the magnetic field. 

The good homing success of the experimental 
birds is not surprising: Realizing that their sun 
compass did not agree with the true situation, they 
may have easily switched to their magnetic 
compass, since all their exercise and training flights 
had been exclusively under overcast conditions (see 
Keeton 1969). 

So far we have discussed our results in view 
of  the development of the birds' sun compass. As 
an alternative explanation, an effect on the birds' 
'map '  must be considered: Wallraff (1974) dis- 
cussed whether birds learn the directional charac- 
teristics of the factors used for bicoordinate navi- 
gation during exposition at their home loft (several 
types of  aviary experiments support such an as- 
sumption, see Papi 1976, Wallraff 1979 and 
others). Living in an altered magnetic field might 
have resulted in an abnormal connection between 
the '  map '  factors and the magnetic compass. There 
is no direct evidence that we indeed observed an 
effect on the sun compass, since vanishing bearings 
of birds released under overcast conditions were 
not recorded, but our findings seem to support 
this idea. 

The experimental birds had all their flying ex- 
perience - including 8 km training flights for most 
groups - in the natural local geomagnetic field. 
It was always the first flight in sunshine which 
changed their behavior from a clockwise to an 
counterclockwise deviation. Why this one flight 
should be different from the numerous previous 
flights under overcast conditions cannot be ex- 
plained by assuming that the directional relation 
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of the 'map '  factors to the magnetic field is af- 
fected. It seems to argue strongly in favor of  an 
abnormal sun compass caused by the altered mag- 
netic field. 

By indicating a connection between the sun 
compass and the magnetic compass our findings 
do not support the other possible ways of estab- 
lishing the sun compass mentioned at the begin- 
ning: Estimating the sun's position relative to land- 
marks and a direct coupling of the sun compass 
with 'map '  factors, as Wallraff (1974) proposed, 
should not be affected by an altered magnetic field 
at the loft. 

Our data on the birds' behavior during later 
flights in sunshine are rather inconsistent, but they 
seem to suggest that eventually, after repeated 
flights in the sun, the experimental birds' orienta- 
tion ceased to differ from that of the controls. This 
would mean that they learned to ignore their expe- 
rience in the altered magnetic field at the loft and 
at last based their orientation solely on experience 
gathered during actual flights. However, we do not 
know whether these birds finally used a normal 
sun compass or why one group appeared to take 
longer than the other groups to normalize its orien- 
tation. 

In summary, our findings support the assump- 
tion that the magnetic field is involved in the learn- 
ing process establishing the sun compass in young 
pigeons. But this process does not appear to be 
as simple as the calibration hypothesis describes. 
Sun compass and magnetic compass seem to be 
related in a much more complex way, which we 
do not completely understand yet. 
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