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An Approach Toward an Analysis of the
Pattern Recognition Involved in the
Stellar Orientation of Birds

HANS G. WALLRAFF
Max-Planck-Institut fitr Verhaltensphysiologie

AT PRESENT, there seems to be no reason
to doubt that birds make use of the stars
as orientational cues during their nocturnal
migrations (refs. 1 and 2). Probably the stars
are not the only orientational cues (refs. 3 to
5), but we will not be concerned with the
problem of other parameters here. Instead,
we will deal with the mechanism of pattern
recognition as a requirement of stellar orien-
tation. Before it is possible to analyze it in
detail, however, it is necessary to obtain a
general view of the capabilities of the birds.
As yet, not much more has been achieved.
The experimental method of the analysis
was described earlier in detail (refs. 6 and
7) ; thus, a short outline may suffice. A bird is
attached to a turntable with its head in the
center. Its visual field is limited by a black
cylinder shielding the horizon and lower
parts of the sky, normally up to 40°. The
turntable rotates with a speed varying be-
tween about 1 and 4 minutes per cycle. A
conditioning stimulus consisting of a weak
electrical shock is applied whenever the bird’s
axis points in a certain direction. After a pe-

riod of training, an increase in heart rate
anticipating the shock can be recorded, pro-
vided that the stimulus situation enables the
bird to recognize the direction at which the
shock is given. Accordingly, in critical tests
without any shock, we get a maximum fre-
quency of heart beats whenever the animal is
passing the training direction. An electronic
system controls the experiment automatically,
and the data are recorded on paper tape and
analyzed by a computer.

Figure 1 illustrates the kinds of data
yielded by this technique. It shows three pro-
cedural steps of the analysis of 60 test
cycles without shock. In part A, the original
curves of heart rate are plotted with fre-
quency (beats/sec) as the ordinate. Clearly
there is a general maximum in the training
direction, but the field covered by the indi-
vidual curves is rather large. This results
mainly from the variability in the basic heart
rate and in absolute amplitude of the train-
ing responses at different times. Compensa-
tion for these variables results in normalized
curves (B) with relative units at the ordinate,
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FIGURE 1. Heart rates of European teal (4nas
crecca) during 60 test cycles without shock under
the condition to which it had been trained (30
cycles clockwise and 30 counterclockwise). 0° at
abscissa stands for training direction. (A) Origi-
nal curves with frequency of heartbeats per sec
as the ordinate. (B) Same data after normaliza-
tion. This was done by calculating mean level
and standard deviation for each individual cycle.
Deviation of each point from the mean level was
determined and divided by standard deviation.
Zero stands for mean value of all individual
curves. (C) Mean curve o+ standard deviation
derived from part B.

FIGURE 2. Frequency distribution of the maxima
of 60 curves shown in figure 1. Training direc-
tion points upwards. Smallest length of a line
refers to one maximum. Mean vector calculated
from this distribution is drawn in the center.
Radius of the circle coincides with greatest pos-
sible length of this vector, i.e, a — r = L (These
are the basic data of -the tests summarized in
figure 9A.)
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zero being the mean heart rate per cycle. The
result of this procedure is a concentration of
the curves, and the training effect becomes
clearer. Part G shows the mean curves and
standard deviations derived from part B.

Another much simpler kind of analysis of
the same data is shown in figure 2. In this
case, the direction of the maximum in each
cycle is determined, and the diagram shows
the frequency distribution of these 60 direc-
tions. From this distribution a mean vector
can be calculated, the direction and length of
which summarize conveniently the result of a
particular experiment.

It has been shown that the orientational
cues are picked up visually either from the
natural night sky or from an artificial sphere
in a planetarium (refs. 6 and 7). Besides
corroborating this fact, the experiments pre-
sented here concern the effect of manipula-
tion of the projected star patterns on the
orientational responses of birds.

RESULTS

Simulated Natural Patterns

The following series of experiments with
a mallard (Anas platyrhynchos) were con-
ducted under a planetarium sphere simulat-
ing the natural starry sky at the same longi-
tude during the respective time of day and
season. Latitude was adjusted to 40° north,
while the real place was at 48°. The lower
parts of the sky up to the height of Polaris
were blocked from view by the shielding
cylinder. The results are shown in figure 3.

In series I, beginning in June, the bird
was trained for 6 hr in the first part of the
night. During these 6 hours the projected
sphere rotated from hour angle of Aries 210°
to 300°. At irregular intervals varying be-
tween about 15 min and 2 hr, the training
program was interrupted, and a critical test
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FIGURE 3. Mallard R, tests under simulated na-
tural skies adjusted to 8 hour angles of Aries with
45° (= 8 hr) intervals. Respective position of
Ursa Major together with Polaris is shown for
illustration. During each of the series I to VI
(time scale at the left: June to Jan.), bird was
trained within interval indicated by cross-hatch-
ings under a sphere continuously rotating from
the respective left-hand to right-hand position.
Parallel hatchings indicate former training con-
ditions, while no hatching stands for conditions
not yet used for training. Mean vectors are
shown, as explained in figure 2, the training
direction (west) pointing upwards. Sample size
for each diagram varied between 40 and 80 test
cycles.

was inserted. Normally it consisted of 10 cy-
cles, five clockwise and five counterclockwise.
These tests were made at one of eight posi-
tions of the sky around the total 360° of hour
angles. In series II, the 6 hour training pe-
riod was shifted 45° or 3 hours clockwise,
and so on to series VI conducted in January,
when the circle was closed; i.e., all test posi-
tions were covered by training.

Within the respective training phase (in
fig. 3 marked by cross-hatchings), the max-
ima of heart rate were concentrated around
the training direction. At the right of this
phase, i.e., under skies not yet used for
training, the bird appeared disoriented or ill-
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directed. However, under skies formerly used
for training at the left, it responded as well as
under the current training patterns.

Before the experiments, this adult mallard
was living under open air conditions. Thus, it
has had the opportunity to observe the night
sky. It was not a matter of course, therefore,
that it did not correctly respond under stellar
patterns not yet used for training. There are
at least two possibilities why it did not. Either
the bird did not identify the planetarium sky
with the natural starry sky, or it merely failed
to transpose the compass direction at which
the shock was applied, from the training con-
dition to the test condition where it had never
been shocked so far.

More remarkable than this negative result
may be the positive one. Once trained under
a certain segment of the stellar sphere, the
bird kept in mind the respective configura-
tions while learning additional patterns. At
the end of the experiments, this mallard mas-
tered all meridian positions at latitude 40° N.
In series VI, the time between training and
testing at hour angle of Aries 210° was about
half a year.

As a byproduct of these series, we are led
to the conclusion that the circadian clock is
not-involved in this kind of orientation. Dur-
ing training, the stellar sphere was always in
phase with the bird’s clock, but during testing
it was out of phase up to 12 hr back and
forth. Provided that the bird was already fa-
miliar with the respective patterns, it never
deviated from its normal direction of re-
sponse (ref. 8). This is in accordance with
the findings of Matthews (ref. 9) and Emlen
(ref. 10). It seems doubtful, however,
whether the stellar orientation is generally in-
dependent from time (or longitudinal) shifts
because there are other findings suggesting
that time relations might be taken into ac-
count either in certain species or (and)
under certain circumstances (refs. 1 and 11
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to 14). But this is not a question to be dis-
cussed here, for it involves not only the deter-
mination of a specific compass direction but
also the choice of the desired direction itself
during actual migration.

Artificial Patterns

Is directional training only possible under
natural or simulated natural skies? Or is it
possible under any arbitrary “starry sky” too?
With the planetarium projector we are using
(shown in ref. 7), it is easy to produce distri-
butions of stellar patterns never and nowhere
occurring in nature. For this purpose, the 31
single projectors composing the whole sphere
were interchanged. Thus, the interrelations
between the stars within an individual
projector field remained constant, but the
fields were mixed up, and all stars were dislo-
cated with respect to the celestial coordinates.

It has been shown earlier that training
under such conditions is indeed possible (ref.
7). However, at that time the question still
remained open whether there might be a
gradual difference between the performances
under a simulated natural sky and under a
totally artificial sky. Because of the interindi-
vidual variability of training performances,
the same individuals had to be used under
both conditions. Figure 4 shows, in a mallard
as well as in a European teal (Anas crecca),
that there are no marked differences between
the orientational responses under both kinds
of starry skies.

Mode of Learning and Mistaking

How do the birds learn, and what do they
learn? This question is far from being solved,
and the experiments to be described now can
just show one of the starting points for fur-
ther analysis.
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- FIGURE 4. Mallard Q (top) and teal A (bot-

tom), mean heart rates and mean directions of
the maxima under simulated natural skies (solid
lines) and under artificial skies (broken lines).
Curves are derived as in figure 1C, and the
vectors as in figure 2. Each curve and each vec-
tor, respectively, represents 320 test cycles with
several adjustments of the projector. (These are
overall means of the parts marked by cross-
hatchings in figures 7 and 8, series ¥, II, and 1V,
plus 40 cycles in series IV with the sphere actu-
ally moving.)

Figure 5 contains the most interesting
parts of a series of tests made with a teal,
Two meridian positions of the simulated nat-
ural sky are involved, hour angles 60° apart
from each other. In series I, the bird was
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FIGURE 5. Teal A, distributions of the maxima
of heart rate and mean vectors derived from
them, under two meridian positions of the sphere
at simulated latitade 40° N. Training direction
(upwards) equals north. Each diagram is based
on 40 test cycles. In series I to IV different con-
ditions for training were used.

trained under a motionless starry sky in the
first position. The result was as expected; i.e.,
good orientation with the sky in training po-
sition, disorientation under a sky not yet used
for training. Thereafter (II) the bird was
trained under the other position to the same
direction (north). Now it was correctly ori-
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ented at 60°, but contrary to my expectation,
it had lost its correct orientation under the
former training condition at 360°, Neverthe-
less, it showed an obviously oriented reaction
here also, but the maximum heart rate ap-
peared in nearly the opposite direction. Ap-
parently the bird tried to identify the two
patterns with each other, and it succeeded at
best by identifying the SSE direction under
the previous training pattern with North
under the currént training pattern. The re-
spective planetarium skies are shown in fig-
ure 6 in an orientation in which their essen-
tial parts obviously looked similar for the
bird. For the reader the similarity may not be
obvious, nor is it for the writer, but it will
be shown below that a mallard reacted in
exactly the same way.

During series III the bird was trained
alternately under both patterns in intervals of
about 30 to 60 min. A bimodal distribution
of the responses resulted now, suggesting a
conflict situation for the bird. However, the
problem was solved by training the teal
under a sky continuously moving from the
first position to the second one in the natural
duration of 4 hr (series IV). Now, after
being exposed to all the transitional stages,
the bird was able to recognize the training
direction under both patterns.

Actually during these experiments the
teal was not only tested under positions 360°
and 60° as shown in figure 5, but also at in-
tervals of 15° between hour angles 330° and
90°. The complete series is shown in figure 7,
together with the reactions of a mallard
under the same conditions. The results from
these two individuals belonging to different
species are remarkably similar, which suggests
that both birds evaluated the stellar patterns
in a similar manner.

The same two birds also reacted quite
similarly in an analogous series under artifi-
cial skies not simulating any conditions out-
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FIGURE 6. Planetarium skies adjusted to hour
angles of Aries 60° and 360° at latitude 40° N,
photographs of the section visible to the bird, i.e.,
down to 50° distance from zenith. Sphere is seen
“from above” so that compass directions appear
“normal,” i.e., east is at right of north, and west
is at left. The arrows point toward planetarium
north.

side. (See fig. 8.) These experiments show
that the misinterpretations of the stellar pat-
terns in the former series did not depend in
any way on the amount of the angular shift
of the sphere. With the same shift but other
constellations, the reactions were quite diff-
erent. No obvious mistakes occurred here. It
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FIGURE 7. Mallard Q (top) and teal A (bot-
tom), series I to IV, under simulated natural skies
adusted to 9 hour angles of Aries with 15° (=1
hr) intervals (40° N). Current training conditions
are marked by cross-hatchings. During training,
sphere was motionless in series I to III but rotat-
ing in series IV. Training direction — mnorth
— wuppermost. Each vector represents 40 test
cycles.

may be by chance that the birds reacted
under both training patterns in about the
same way. (It might be suspected that the
birds were oriented by other than “stellar”
cues in these particular series of experiments.
The results at 330°, however, do indeed
show dependence on the composition of the
stellar sphere. Moreover, half of the tests
were conducted under a reversed sky as de-
scribed in ref. 7.)

A more thorough analysis of ‘the experi-
ments shown in figures 7 and 8 has to take
into account the kind of motion of the
sphere, i.e., the kind of change of its visible
section, as well as the specific contents of the
starry skies. Moreover, additional experiments
with other variations of the stellar patterns
will probably be necessary. Thus, no further
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comments will be given here. It may be ex-
pected that understanding of these results
will be facilitated at later stages of our inves-
tigations.

Partial Blocking of the
Training Pattern

So far the section of the sphere visible to
the bird was considered as a whole. We do
not know, however, whether the animal
reacts uniformly to ail parts of the sky, or
whether specific parts are more important
than others, either depending on their loca-
tion within the visual field or on their con-
tent of conspicuous stars or configurations of
stars.

Our experimental setup allows two meth-
ods of blocking portions of the sky from view.

(1) The visual field of the bird can be
reduced in size by partially covering the
shielding cylinder with opaque disks or rings.

(2) Fields of projected stars can be extin-
guished by masking individual projectors.

360° 30° 60° 90°

350° 30° 60° 90°

FIGURE 8. Mallard Q (top) and teal A (bot-
tom), series I to IV, under artificial skies. Except
for star distribution, procedure was same as in
experiments shown in figure 7. (The naming of
the hour angles is arbitrary.)
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The following series of experiments were all
made with teal A and all with the same
training condition consisting of a motionless
artificial (not simulating) starry sky not yet
used for training or testing.

The results with the first kind of blocking
are shown in figure 9. Clearly the responses
are most concentrated when the test condi-
tion is identical with the training condition
(A). On the other hand, with the shielding
cylinder totally covered, the bird appeared
totally disoriented (B). In the four situations
with partial blocking, the scatter was in-
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FIGURE 9. Teal A, artificial sky, blocking of the
visual field by covering the shielding cylinder with
rings and disks. Sphere fixed at a constant posi-
tion. Star map is based on a photograph, but
stars are enlarged in a rather schematic way. The
sky is seen “from above” so that left and right is
equivalent in both kinds of diagrams. In A, test
condition equals training condition with an open
view from 0° to 50° distance from zenith. In B, -
cylinder is completely covered. The open parts
(distance from zenith) during the other tests are
as follows: C, 0° to 40°; D, 40° to 50°; E, 0° to
30°; F, 30° to 50°. The other diagrams, represent-
ing the reactions, do not only show mean vector of
total (with maximum length 1 being equivalent
to radius of the greater circle), but also mean
vectors of the individual tests, each of them con-
sisting of a succession of 10 cycles. For these
peripheral vectors, the scale is halved, maximum
length being equivalent to distance between the
two circles. (For sample size n — 60 [six tests]
and significance level P = 0.01, the critical vector
length is @ — 0.28, i.e., somewhat more than half
the radius of the smaller circle.)
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FIGURE 10. Teal A, the same artificial sky as in
figure 9, part 1 of blocking experiments con-
ducted by masking various combinations of the
11 individual projectors composing the visual
starry sky as shown in A. Figures 10 to 12 refer
to same test series. Tests were inserted irregularly
into the training program. For further explana-
tion see Figure 9.
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FIGURE 12. Part 3 of blocking experiments. For
control in Y and Z no projector was covered, but
the whole sphere was shifted around the polar
axis by 60° “backward” (Y) or “forward” (Z),
respectively, thus showing another section of the
sky than during training. (“Latitude” was 30°
“N.’))
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FIGURE 11. Part 2 of blocking experiments.

creased, but the maxima of heart rate were
still accumulated in the direction of training
(C to F). Thus, the bird was able to deter-
mine this direction by alternative use of ei-
ther the periphery or the central part of the
original field, though less accurately than
with the whole field visible. In case E, a
definite deterioratior in performance is indi-
cated.

With the second kind of blocking a larger
series was conducted (figs. 10 to 12}, The
results can be used for merely tentative con-
clusions, for in many cases the reactions ob-
tained during different tests were rather in-
consistent, as indicated by the single vectors

.at the periphery of each diagram. It is un-

known whether this inconsistency depends
solely on changing states of the general moti-
vation of the duck, or whether it depends in
a more specific way on varying modes of rec-
ognition of the stellar patterns. With respect
to some puzzling results, it should be born in
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mind that controls against the bird’s using
" other than stellar cues could not be applied
during each individual test. [Control tests
with reversed skies (ref. 7) were not con-
ducted in this series in order to avoid creat-
ing smaller differences of visible fields by
parallax.] Thus, although there is no evi-
dence supporting such a suspicion, it cannot
be entirely ruled out. In regard to the series
as a whole, clear cases of disorientation dem-
onstrate the dependence on the projected
paiterns (see, e.g., figs. 10B, 11E, 12L, 12Y).

In the figures the blocking conditions are
arranged in pairs, the visible sky in the left
column containing the blocked part of the
sky in the right column and vice versa. In
several cases the bird was obviously oriented
under both conditions (see, e.g., figs. 10C and
D, 1IN and O, 12A and B, 12G and H),
demonstrating that it ‘was able to use both
parts of the sky alternately, though there
were differences either in accuracy (e.g., fig.
10C and D) or in direction (e.g., fig. 11N
and O). In other cases, one part of the sky
was obviously much more important for the
bird’s orientation than the other, as shown in
figures 10G and H, 11A and B, 11E and F,
12E and F.

It is not possible to discuss the whole vari-
ety of conditions and reactions in detail, but
some lines of comparison may be selected.
Figure 10 is used as a first example. In G,
blocking of considerable parts of the sky—
mainly overhead and in the training direction
——did not affect the performance at all (com-
pare A). With only the parts blocked in C
visible, however, the bird was still oriented
(D) though the scatter was increased and a
small shift of direction indicated. Exposed to
each of the two halves composing condition
C, the duck appeared disoriented (F and H).
Adding both these parts to D improved the
performances as opposed to the results using
part D alone (E and G).
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Most puzzling are the reactions of the
teal under the sky shown in figure 11E.
There is not the slightest hint of a training
response although huge parts of the sky were
visible; more strikingly there were better res-
ponses although additional parts of the sky
were blocked from view (see fig. 11D, K, L,
N). Similarly figure 121 shows better results
with a smaller part of the sky visible than
figure 12F. If these are not chance results—
and the fairly consistent responses in 11E do
not support this idea—the only reasonable
interpretation might be that under certain
conditions the bird is more confused by look-
ing at incomplete configurations than by en-
tirely missing large parts of the starry sky.
Surprisingly good reactions are shown in
figure 121 and K -with very small parts of the
stellar sphere visible. From these and many
other cases it becomes clear that the distribu-
tion of illuminated parts of the sky or direc-
tional differences in brightness do not consid-
erably affect the direction of the response.

DISCUSSION

Regarding the mechanism of pattern rec-
ognition, training may be a promising
method of analysis because any arbitrary pat-
tern of “stars” can be used. When consider-
ing the results, one has to bear in mind, how-
ever, that successful training can merely dem-
onstrate what an animal is able to do, i.e., to
perceive, to distinguish, etc. But it cannot tell
us whether the animal makes use of the re-
spective ability in its natural life. Thus, the
experiments reported here cannot lead to a
final decision on the mode of stellar orienta-
tion in nature. Yet they offer an opportunity
for making hypotheses.

It has been shown that birds can learn to
distinguish between different patterns com-
posed of more than a thousand star-like
spots. They have a remarkable capacity for
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memorizing such patterns, and it is unimpor-
tant whether the distributions of the spots do
simulate natural skies or not. Consequently it
has been hypothesized at an earlier stage of
these investigations (ref. 7) that migratory
birds not only can learn but do learn and
have to learn the specific contents of natural
starry skies, together with their relation to the
coordinates of the Earth. The decision had to
come from experiments with birds raised iso-
lated from view of the night sky and then
tested with any kind of a “Kramer cage”
method recording the spontaneous Zugun-
ruhe. Excellent data of this kind were pre-
sented by S.T. Emlen at this symposium con-
firming the hypothesis by clear evidence.

In accordance with these results, my fail-
ure in recording oriented Zugunruhe in
hand-raised European warblers (Sylvia)un-
der a planetarium sphere (ref. 15) might be
due to their negligible experience with the
night sky. However, using birds of the same
genus, Sauer (ref. 1) had recorded prefer-
ences of the normal fall migration directions
—even ‘with two individuals not experienced
under the night sky, and with several hand-
raised individuals kept indoors with limited
possibilities to observe the sky. Thus, there
are still incongruities in the results demand-
ing further experimentation.

The question of whether bicoordinate
navigation or compensation for displacements
(for instance, by wind drift) by using nothing
but stellar cues takes place in some species of
birds (refs. 1,11, 16 and 17)is not much
affected by the question of whether the
“star-map” is learned or inherited, provided
a bird is clever enough in “handling” the
stars. Only in extreme cases with few or no
stars of the experienced constellations availa-
ble, would a bird necessarily fail to orient
when depending on learned patterns.

During its first year of life, a migratory
bird might be involved in a continuous learn-
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ing process adapting it to the daily, seasonal,
and latitudinal changes of the starry skies.
Likewise, continuity in change of the appear-
ance of the sky might be a precondition for
successfully learning the whole variety of con-
stellations. Once the bird has learned them,
however, it does not need actual movement
for recognition.

The essential clues by which particular
views of the sky are recognized are still ob-
scure. The blocking experiments show that
different parts of the sphere can be used al-
ternately. Thus recognition depends neither
on the total aspect of the sky nor on a partic-
ular key star or constellation. On the other
hand, the same experiments show that diff-
erent parts of the sky are of different impor-
tance, as it was indicated in blocking experi-
ments conducted by Emlen (ref. 10). One
may hypothesize that the birds search for
configurations that are more conspicuous
than others and later on concentrate their
attention on these selected patterns. This
could be a way similar to our method of
looking for well-known Gestalt stimuli.

At this point, investigation of actual pat-
tern recognition should begin. For this, how-
ever, totally self-made “starry skies” allowing
any variations would be desired. Since the
projector we are using so far does not allow
changes within a particular field of stars, fur-
ther progress has to wait for a completion of
our technical facilities.

SUMMARY

A conditioning method was used to inves-
tigate the orientational responses of ducks
(mallard and European teal) as affected by
manipulations of the stellar patterns in a pla-
netarium. Under simulated natural skies, it
was possible to train a bird to a particular
direction successively under all positions of
the rotating sphere at a constant latitude.



SESSION 1IV:

The responses were independent of the
phase-relationships between local time, sea-
son, and appearance of the sky, provided that
the bird had been trained under the particu-
lar section of the sphere some time before.
The longest interval between training and
testing was half a year, during which the bird
learned to distinguish many additional pat-
terns. No appreciable differences in learning
and responding were found under artificial
stellar patterns, never occurring anywhere in
nature, as compared with simulated natural
patterns. A mallard as well as a teal, each of
them trained successively under two fixed
skies of different appearance, misinterpreted
these skies, obviously by trying to identify the
two patterns with each other. Both birds
were confused in the same way, which sug-
gests that they evaluated these patterns quite
similarly. Confusion ceased, however, when
the sphere moved continuously from the one
appearance to the other.

In another series of tests, parts of a fixed
training pattern were blocked from view. It
appeared that the bird was able to use diff-
erent parts of the starry sky alternately to
determine the training direction, though in
most cases the reactions were less accurate
than with the whole training sky visible.
Some parts, however, seemed to be more im-
portant than others, causing disorientation
when blocked from view. These experiments
provide some clues to the mechanism of pat-
tern recognition, but many more will be nec-
essary for a real analysis.

DISCUSSION

QuEesTion: Have you performed training ex-
periments with rather simple arrangements of
lights? )

WALLRAFF: Yes, it is much easier to do than
with stars.

Enricut: Have you tried experiments with the
Moon superimposed on the star pattern?
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WarrLrarr: No.

WiLLiams: In your series of tests, have you
taken precautions to guard against day-to-day fluc-
tuations? When you remove part of the sky, do you
run that whole part and then go to the other part
or do you run section C first and then D and then
E?

WaLLrAFF: The patterns were shown in irregu-
lar sequences, for example Ci, Dy, E: and then D,
Cz, Bz and then Cs, Es, D; (C, D and E are the
blocking conditions; the numbers mean Ist, 2nd,
and 3rd test under the respective condition).
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