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Abstract

The aim of our study was to analyse the components of visual lateralization in pigeon homing, a large-scale spatial task. In a series of 13
releases, birds were tested as binocular controls or monocularly with the right or left-eye covered. Occlusion of either eye had a significant
effect on initial orientation and homing performance. Vanishing bearings were deflected to the side of the open eye, vanishing intervals were
longer, and homing speed was reduced. These parameters were affected to a different degree. Initial orientation was markedly lateralized,
with birds using their right-eye deviating less from the mean of control birds and showing significantly less variance. One minute after
release, the deviation and variance were similarly large in both monocular groups. However, while the right-eyed birds improved their
performance until leaving the release site, the left-eyed birds failed to do so. Vanishing intervals were similar in both monocular groups, but
homing speed was reduced to a lesser extent in pigeons using the right-eye. The degree of lateralization varied across different releases, bu
superiority of the right-eye/left hemisphere prevailed. Lateralization did not depend on familiarity with the release site. This suggests that
the crucial processes involved the eyes, but did not depend on visual memory of landscape features at the release site. Results reveal, fo
the first time, asymmetries of directional orientation as an essential component of lateralized homing performance. As likely mechanisms
we suggest hemispheric differences in magnetic compass orientation and in the adjustment to optic flow.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tween the left and the right forebrain of placental mammals,
is lacking. Hence the immediate transfer of information be-
Hemispheric specialization of brain function, as known tween the two hemispheres is rather limited. As a conse-
from human handedness and language capabilities, is not regquence, visual input to the right eye is mainly processed by
stricted to our species, but appears to be rather widespreadhe left brain hemisphere and vice versa. This provides an
among vertebrates. Preceded by a long period of interesteasy access to analysing phenomena of visual lateralization.
in the question of footedness in parrots (revig]), sys- By temporarily covering one eye the capabilities of each
tematic studies on hemispheric asymmetries in birds beganbrain hemisphere can be assessed separately.
with the finding of lateralized motor control for singing in Studies on the discrimination of natural food objects,
chaffincheq22]. Since then, a large number of lateralized mainly in pigeons and chicks, have fairly consistently found
behaviours have been identified. a superiority of the right eye/left hemisphgts]. A similar
Among the best-studied cases are visually guided be- lateralization pattern was found for the discrimination of
haviours and the underlying perceptive and cognitive abil- two-dimensional black/white patteriid2]. This suggests a
ities (reviews in[13,27,31). In birds, fibres of the optic  general superiority of the left avian brain in discriminating
nerves cross over completely, interhemispheric commissursobject-related cues. From studies involving spatial tasks
are small, and a corpus callosum, the major connection be-[6,7,25,30]a division of labour between the two brain hemi-
spheres had been suggested, with the right eye/left hemi-
e sphere specializing in the discrimination and categorization
* Corresponding author. Tek+49-234-32-28213; S . . . .
fax: +49-234-32-14377. of individual stimuli and the left eye/right hemisphere
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accumulating that both brain hemispheres are involved with young pigeons had equal flying experience prior to critical
spatial cognition. Thus, it is appropriate to ask what specific tests, but one group was familiar with the test site, while the
aspects of spatial information processing are carried out byother was not.

the left or right brain hemisphern®4,28,29] To this end

studies are needed that address the full complexity of the2.2. Monocular occlusion

natural tasks the brain mechanisms have evolved for.

A seminal field study with monocular pigeons released The pigeons were prepared for wearing eyecaps by clip-
at three familiar sitef29] demonstrated a striking superior- ping some feathers and fixing a ring of Velcro around one
ity of the right eye/left hemisphere in homing performance eye with water-soluble, non-toxic glji29]. The counterpart
measured as overall homing speed. Differences in vanish-of the Velcro ring was glued to a circular cardboard cap,
ing bearings between experimental groups were greater un-26 mm in diameter. The cap could be bent easily, which al-
der overcast than in sunny conditions. It was, however, not lowed for a tight fit over the pigeon’s eye. Before the first
clear to what extent the differences were caused by factorstest in any eyecap condition, birds were fitted with eyecaps
associated with different locations or due to differences in for a brief training flight around their loft in order to fa-
visibility of the sun or of landscape features. Therefore, we miliarize them with flying with one eye covered. For the
performed a more extended study releasing pigeons at dis-critical tests, the pigeons were equipped with eyecaps at the
tances of 40 to 55km and in different directions from the loft immediately before they were transported to the release
loft. In order to assess a possible role of familiar landmarks, site. Before release, the correct placement of the eyecap was
we also released, within the same test release, pigeons thathecked again, and when the pigeons returned to the loft,
were familiar and pigeons that were unfamiliar with the re- this was checked once more before the eyecap was removed.
lease site and compared their performance. Binocular control (Bi) birds also wore a Velcro ring around

one eye (side balanced).
During the releases with adult pigeons, the eyecap treat-
2. Materials and methods ment changed from right eye to left eye or left eye to right
eye and back. Each of the birds was given the three eyecap

The experiments were performed in summer 2000 under conditions—binocular control, left-eye open (LE; eyecap
sunny conditions, using five release sites 40 to 55 km from right) and right-eye open (RE; eyecap left)—in a balanced
the loft at Frankfurt am Main (5@8N, 8°40E). For details design. In addition, we avoided to release birds with the

of the release sites sdable 1 same eyecap condition twice from the same site. Young
birds were tested with the same eyecap condition in all
2.1. Animals three consecutive releases. Familiar and unfamiliar birds
were allocated to one of the three eyecap conditions so that
2.1.1. Adult pigeons six experimental groups were tested from either site.

Ten releases were performed using adult, experienced pi-
geons between 1 and 9 years of age that had participated ir2.3. Release procedure
their first year in a standard training program of flock tosses
from up to about 40km in different directions; they also  The releases followed standard procedures: the pigeons
had homed singly in various experimental releases. Thus,were released singly, alternating between treatments, and
all birds were more or less familiar with the release sites, followed by two observers with 1& 40 binoculars (Zeiss
which were close to earlier training release sites. In addi- Dialyt). The vanishing bearings, i.e. the directions where the
tion, many of the birds had homed singly from the same re- birds were lost from sight, were recorded with a compass
lease sites before or had overflown them when homing from to the nearest 5 The vanishing intervals were recorded
greater distances. Prior to the second test from a site, thewith a stopwatch. We proceeded until 10 valid bearings in
birds were released once more as a flock from the respectiveeach eyecap condition had been obtained. Additionally, the
site in order to refresh their memory. bearings after 1 min were taken. An observer recorded the

time when individual pigeons arrived back at the loft.

2.1.2. Young pigeons

Three releases involved young pigeons born in spring 2.4. Data analysis and statistics
2000. They were 4 to 5 months of age and had been trained
from up to 25km in the cardinal compass directions. Thus, For each release, the vanishing bearings of the three ex-
they were able to use site-specific cues and their navigationalperimental groups were calculated as a mean vector and
‘map’ [4,35]. For studying a possible influence of familiar- tested with the Rayleigh test for significant directional pref-
ity with the release site, half of the birds were given training erence[3]. We also calculated mean vectors based on the
flights as a flock from the release sites in the East and in bearings recorded 1min after release. For analysing the
the North, while the other half were released from the site differences between the vanishing bearings of the eyecap
in the West and an equally distant site in the South. So all conditions in a single release, the Watson Williams test
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Table 1
Initial orientation and homing performance in the release experiments
Site Treatment Ny (Np) Mean vector Difference to Vanishing Return Homing
position vanishing bearings interval rate (%) speed
datum wm ) o Bi () RE () (min:s) (km/h)
Old, experienced pigeons
Hattenheim Bi 10 87 0.82* 4:59 100 60.3
77, 44.2km RE 10 96 0.95* +9 4:34 100 40.8*
16/6/2000 LE 12 (10) 62 0.42 -25 — 34 5:55 75 40.2
Lich Bi 13 (10) 226 0.87* 3:19 100 40.6
192, 40.6 km RE 11 (10) 254 0.90° +28 4:20 91 38.1
18/6/2000 LE 10 192 0.83* —34* —62 4:58 100 32.9
Gernsheim Bi 11 (10) 2 0.69 4:05 100 58.6
16°, 42.0km RE 10 18 0.90* +16 3:53 100 63.0
21/6/2000 LE 12 (10) 338 0.65 —24 —40 6:06 92 34.1*
Linsengericht Bi 15 (10) 238 0.88 4:52 100 40.7
262, 40.0km RE 11 (10) 267 0.67 +29* 8:36" 82 375
2716/2000 LE 12 (10) 232 0.91 -6 —35 5:01 100 40.7
Lich Bi 10 206 0.92** 5:56 100 65.8
192, 40.2km RE 10 206 0.76 0 9:40* 100 36.9*
21/7/2000 LE 10 187 0.89* -19 -19 4:40 100 399
Hattenheim Bi 10 96 0.98* 4:16 100 60.3
77, 44.2km RE 11 (10) 103 0.97 +7 5:20° 100 48.5
7/8/2000 LE 12 (10) 81 0.92* -15 —22 7:03* 100 41.4*
Gernsheim Bi 10 9 0.90* 4:49 90 56.0
16°, 42.0km RE 11(10) 36 0.9% +27 4:19 91 51.4
11/8/2000 LE 12(10) 308 0.48 —61 —8g* 6:46" 100 37.6*
Linsengericht Bi 11 (10) 265 0.9t 3:34 100 61.5
262, 40.0km RE 10 284 0.93* +19 4:44 100 40.0*
14/8/2000 LE 11 (10) 218 0.88" — 47 —66"* 5:17* 91 33.8**
Lorsch Bi 10 314 0.95* 4:04 100 40.5
6°, 55.3km RE 10 337 0.82* +23 4:24 100 36.9
24/8/2000 LE 10 287 0.73 -27 —50* 3:53 100 40.0
Lorsch Bi 11 (10) 338 0.79* 4:07 100 56.2
6°, 55.3km RE 11 (10) 351 0.8y +13 5:17 100 29.9*
29/8/2000 LE 10 313 0.93" -25 —38 6:40° 100 41.5*
Young pigeons
Linsengericht F-Bi 10 250 0.90¢ 4:16 100 58.5
262, 40.0km F-RE 12 (10) 280 0.87 +30* 5:57 91 51.1
18/8/2000 F-LE 10 229 0.79* -21 —51* 5:13 90 44.4
U-Bi 10 255 0.79** 5:00 90 47.1
U-RE 12 (10) 283 0.81* +28 6:19 75 333
U-LE 11 (10) 209 0.84* —46* — T4 9:46" 82 19.2*
Hattenheim F-Bi 12 (10) 107 0.92 4:46 100 45.7
77, 44.2km F-RE 11 (10) 112 0.98 +5 6:15° 100 44.9
22/8/2000 F-LE 12 (11) 99 0.53 —8* —13* 4:54 92 41.4
U-Bi 10 109 0.74* 5:24 100 29.1
U-RE 10 132 0.75 +23 5:58 80 16.9
U-LE 12 (10) 30 0.36 —79 —102 8:34 75 32.3
Lich F-Bi 12 (10) 212 0.92* 4:20 100 48.7
192, 40.2km F-RE 12 (10) 234 0.9 +22 8:13 83 381
30/8/2000 F-LE 10 196 0.76 —16 —38 6:58 100 23.4*
U-Bi 12 (10) 207 0.8 4:42 100 49.7
U-RE 11 (10) 233 0.7¢ +26 6:57 91 31.2
U-LE 10 201 0.66* —6 -32 5:52 80 20.5

Home direction and distance are indicated under the name of the release site. Treatment: Bi, binocular control; RE, right eye viewing—eyecap left; LE
left eye viewing—eyecap right; young pigeons: F and U before Bi, RE and LE indicate that the birds were familiar or unfamiliar, respectively, with
the release siten; (np) is the number of pigeons released (number of valid bearings, if differept)rm, direction and length of mean vector of the
vanishing bearings, with asterisksrat, indicating significance by the Rayleigh test. The columns ‘Difference to’ give the angular difference to the mean

of the binocular controls and birds with their left-eye covered, respectivelyclockwise, ) counterclockwise; significant differences by the Watson
Williams test or the Mardia Watson Wheeler test are marked with asterisks. Asterisks at vanishing intervals and homing speeds indicate differences f
the binocular controls (Mann Whitnay-test). Significance levels:P < 0.05, ** P < 0.01, ** P < 0.001.
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indicating differences in preferred direction €if, > 0.7) data of the first and the second release of adult birds from
and Mardia Watson Wheeler test indicating differences in the same site.
distribution were use{B]. To characterize the degree of lateralization in the birds’

In addition to comparing the performance of the exper- performance, we calculated lateralization indices for the
imental groups, we analysed the vanishing bearings usingvariables listed above based on the mean or median per-
within-subject comparisons. In adult pigeons, which had ex- formance of the groups for each release according to the
perienced all eyecap treatments on subsequent releases iformula (RE— LE)/(RE + LE) or (LE — RE)/(LE + RE)
balanced order, this allowed for a subject-based comparison- the first formula was applied to,, and homing speed
of the different conditions of viewing. In young birds we where high values indicate good performance, the second to
used a within-subject design for analysing the possible role |A«| and the vanishing intervals where high values indicate
of familiarity on orientation at the release site. Angular dif- poor performance. This results in indices betweehand
ferences, which reflect dispersion as a parametric measure;1, with positive values indicating superiority of the right
were calculated with the mean bearing of controls at a given eye/left hemisphere, negative values indicating superiority
release as a reference and were subjected to repeated meaf the left eye/right hemisphere and values close to 0 indi-
surements ANOVA. In adult birds, eyecap treatment was the cating no lateralization.
within-subject factor, and in young birds eyecap treatment
was a between-subject factor and familiarity with the release
site was a within-subject factor. 3. Results

Vanishing intervals (time elapsed between the moment
of release and vanishing from sight) and homing speeds, Table llists the data from the releases. Although ini-
which are not normally distributed, were compared using tial orientation and homing performance were fairly good
the non-parametric Mann Whitnéy-test. in all three treatments, with significant mean vectors and

For analysing the effect of monocular occlusion, we per- return rates of or close to 100%, occlusion of one eye had
formed a second order analysis, using the Wilcoxon test for a marked effect. We frequently observed significant differ-
joint samples to compare the traditional parameters charac-ences in mean vanishing bearings, vanishing intervals and
terizing the behaviour of pigeons in experimental releases, homing speed between the binocular and the monocular
namely: (1) the mean direction: we used the angular devia- birds in single releases; they are indicate@able 1 Table 2
tion from the mean of the binocular controlse, with (+) compares the means of the three groups, giving the distri-
indicating clockwise and—{) counterclockwise deviations bution of differences and the test statistic of the Wilcoxon
(IA«| is used for calculating lateralization indices, see be- test.
low); (2) the length of the mean vectaty,, which reflects
the variance of the vanishing bearings (it is close to 1 if the 3.1. Effect of occluding one eye
birds’ bearings agree well and approaches 0 if the bearings
are distributed randomly); (3) the median vanishing inter-  In general, the following pattern emergethble J: both
val; (4) the median homing speed; and (5) the return rate monocular groups deviated significantly to the side of the un-
in percent. The Wilcoxon test was also used to compare thecovered eye from the mean of the binocular contrglg.(1).

Table 2

Means of variables and differences between treatments

Variable Age Binocular control Right eye open, RE Left eye open, LE Monocular comparison

(Bi, mean) Difference RE— Bi Difference LE— Bi Difference LE— RE
Mean +:0:— T, sign? Mean +:0:.— T, sign? +:0:— T, sign?

A ad. - +17 9:1:0 o* —-25° 0:0:10 O** 9:0:1 r
juv. - +22 6:0:0 (6 —29 0:0:6 (6 3:0:3 10; ns

'm ad. 0.87 0.87 6:0:4 25; ns 0.76  2:0:8 8.5 3:0:7 15; ns
juv. 0.85 084 312 8; ns 066 1.05 *1 1:0:5 I*

van. int. (min:s)  ad. 4:23 5:31 7:0:3 *8 5:38 8:0:2 6 7:0:3 21; ns
juv. 4:45 5:31 6:0:0 0 6:52  6:0:.0 0 2:0:4 11; ns

Speed (km/h) ad. 54.0 42.3 1:0:9 **1 38.2 0:1:9 0* 4:0:6 18; ns
juv. 46.5 36.0 0:0:6 0 30.2 1:0:5 1 1:0:5 5; ns

Return rate ad. 99% 96% 0:8:2 — 96% 1:6:3 — 3:4:3 10; ns
juv. 98% 87% 0:1:5 0 87% 0:1:5 0 2:0:2 -

Variables: A«, angular difference to the mean of the binocular contmgls;lengths of mean vector; van. int., vanishing interval; speed refers to homing
speed. Age: ad., adult pigeons between 1 and 9 years old; juv., young pigeons born in the year of testing. Difference: the numbe@s-uirdicate

how often the difference indicated is positive, zero or negative. The coldinsign?’ gives the test statistic of the Wilcoxon test, and indicates whether
or not the differences show a significant trend. Significance levels @abte 1 ns, not significant.



H. Prior et al./Behavioural Brain Research 154 (2004) 301-310

juv. fam. juv. |unfam. -

Fig. 1. Mean vectors of pigeons wearing an eyecap drawn with respect to
the mean of corresponding binocular controls (C). Top: experienced adult
birds; bottom left: young pigeons familiar with the release site; bottom
right: young birds unfamiliar with the release site. The mean bearings are
indicated at the outer periphery with a symbol; the length of the vector is
drawn proportional to the radius of the circle1l. The smaller symbols

at the inner periphery of the circle mark the mean bearings 1 min after
release. Open symbols: RE-birds with the left eye covered; solid symbols:
LE-birds with the right eye covered.

Vanishing intervals were significantly longer, and homing
was significantly slower in both monocular groups than in
the control birdsFig. 2). The effect on return rate was rather
small: in the experiments with adult birds, only 1 of 111
control birds failed to return, compared to 4 of 105 RE-birds
and 5 of 111 LE-birds. Of the young pigeons, 1 of 66 con-
trol birds got lost, compared to 9 of 68 RE-birds and 9 of
65 LE-birds [Table 1.

The effect of monocular vision described above was found
in adult and juvenile birds alikeTéble 2. It appears to be
independent from the pigeons’ familiarity with the release
site: the data of the second releases of adult birds that had
recently refreshed their knowledge of the release site were
not different from those of the first releaseB & 0.05,
Wilcoxon test for all parameters), and we also found the
same pattern in young pigeons familiar and unfamiliar to
the release siteT@ble 1.

3.2. Comparison of the two monocular treatments

Regarding lateralization, the crucial comparison involves
differences between the two monocular groups. The respec-
tive data are included ifiable 2in the columns to the right.

In initial orientation, we observed a clear difference be-
tween groups of adult RE-birds and LE-birdSg. 1 gives
the mean vectors of their vanishing bearings with respect to

Vanishing interval (min) Mean vector ()

Homing speed (km/h)

305
1,0 1 . o
v
L
0,9 <] 3 :‘3
| A ¢}
B ©
0,8 - - . vo
- vl:l ’V
0,7 4 A o
el v
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Both Left Right
10 o .
9 .
v v
8 [m]
il 3
6 . L5 2
v Ag )
2 5 Y ¢
4 A E v A
A
|
3 -
2 o
1 .
0
Both Left Right
70 A
®
A
60 | B
A
50 - -
8 . .,
40 - . !'7 :u
- !
30 - v . -
o
20 4 8
v
10
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Eye seeing

Fig. 2. Scatter graph of vector lengths (top), median vanishing intervals

the mean of the binocu.lar.c;ontrols. The de_Viation to the_Side (middle), and median homing speeds (bottom). Black symbols indicate
of the open eye was significantly greater in adult LE-birds. the data of adult birds and grey symbols those of young birds. The small
Young birds unfamiliar with the release site showed a similar perpendicular lines indicate the medians from all samples.

tendency Fig. 1), but overall the difference between young
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LE-birds and RE-birds did not reach significangalfle 2.
At the same time, while the RE-birds had long vectors like 80 -
the control birds, the LE-birds’ vectors were shorfiatfle 1

andFig. 2), with this tendency being significant in the young " 01 _
birds (Table 2 and also in the combined sampl¥ & 16, 2 60 4 —
T = 25, P < 0.05, Wilcoxon test). s 0 |
The 1-min bearingsHig. 1), although considerably scat- £
tered, point out how this asymmetry emerges. With few ex- S 40
ceptions, the 1-min bearings already deviated to the side of 3 %5
the uncovered eye, but the mean vectors were short and often <

non-significant. At this stage, all three treatments showed 20 -
the same great amount of scatter. Interestingly, there was no
significant difference in the average degree of the deviations
from the control birds 1 min after release, neither in adult 0

10

nor in young birds—the number of cases of the LE-birds (A) Both Left Right
showing the greater deviation to that of the RE-birds show-

ing the greater deviation being 5:5 and 3:1:2, respectively 80 | mmmm Familiar

(both P > 0.05, Wilcoxon test). Between 1 min after release =3 Unfamiliar

and vanishing from sight, however, adult RE-birds signifi- 70 1

cantly improved in their orientation: their deviations from § 60 - L

the mean of controls decreased, and their vector lengths in- o = ‘
creased significantlyTable 3. Adult LE-birds, in contrast, £ 50

showed no consistent change in deviation, and the increase ha 40

in vector length was less pronounced. In young pigeons, 3

only controls and RE-birds showed a significant increase in g 30 1

the lengths of the vanishing vectors; the deviations from the 20 -
control direction did not show a significant trenthble 3.

This means that both monocular groups started with the 10 1

same marked deviation and short vectors immediately af- 0

ter release. The observed asymmetry in initial orientation Both Left Right
emerged because the RE-birds, and here in particular the B) Eye seeing

adult RE-birds, were able to improve their performance sig-

nificant|y as |0ng as they were still within Sight of the ob- Fig. 3. Mean angular differences of individual vanishing bearings from the
servers. while the LE-birds failed to do so. mean bearings of controls. For each release, individual angular differences

The within-subiect analvsis also showed clear differ- were calculated and then combined for each bird over all releases with
| Yy the same eyecap treatment in adult birds (A, top) and over all releases

ences between the experimental treatmerig. (3A). with the same familiarity treatment in young birds (B, bottom). Deviation
Overall, there was a significant difference between treat- was greater when birds used their left eye, while there was no significant
ments (2, 60) = 9.25, P < 0.001). Pairwise comparisons difference between use of both eyes and the right eye only. The same
showed that performance with the left eye was considerably pattern of laterality emerged at familiar and unfamiliar sites.

poorer than with the right eyeP(< 0.005) or binocularly

(P < 0.001). By contrast, there was no such difference

Table 3
Orientation 1 min after release
Variable Binocular control Left-eye covered Right-eye covered
Bi, mean Improved at vanishing ? RE, mean Improved at vanishing? LE, mean Improved at vanishing?
+:— T, sign? +:— T, sign? +:0:— T, sign?
Adult pigeons
Aa + 41° 8:2 3.5* —3& 7:3 12.5; ns
'm 0.63 10:0 o* 0.61 10:0 o* 0.67 8:2 6.5
Young pigeons
Aa +48° 4:2 5; ns 25 4:2 11; ns
I'm 0.62 6:0 (6] 0.62 5:1 T 0.66 2:4 10; ns

Improved at vanishing indicates whether the variable improved between 1min after release and the moment of vanishing from sight. Positive signs
indicate an improvement (i.e. smaller deviations from the controls, longer vectors), while negative signs indicate a deterioration. Otherfebeas i
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between the binocular control condition and the use of the alization indices. They varied considerably, with means be-

right eye P > 0.2). tween+0.020 and4-0.172, with a grand mean ef0.084.
Regarding the other variables, adult and young birds Although all means are positive, indicating a superiority of

showed the same trends (d46ig. 2): the vanishing intervals  the right eye/left hemisphere, only the indices calculated

of the RE-birds and the LE-birds were not different, and from A« andry, and the mean indices show a significant

the same is true for the return rates. Homing speed tendedtrend towards the positive side (< 0.05, sign test). This

to be higher in the RE-birds than in the LE-birds, with this indicates a clear difference in the extent to which the differ-

difference reaching significance in the combined sample ent parameters were lateralized. Overall, initial orientation

(N =16,T = 34, P < 0.05). was more affected by lateralization than vanishing intervals

and homing speed.
3.3. Role of familiarity with the release site

In general, pigeons familiar and unfamiliar with the re- 4. Discussion
lease site were similar in their behaviour, with a slightly
lower level of performance in the unfamiliar birdgaple J). Our results demonstrate an effect of monocular occlusion
However, the crucial question was whether the pattern of on all homing parameters. The pattern, however, was differ-
lateralization differed between familiar and unfamiliar sites ent for the various parameters studied: (1) with either eye-
(Fig. 3B). As expected, ANOVA with the factor eyecap treat- cap treatment, pigeons deviated towards the side of the open
ment and familiarity as a repeated measure revealed a maireye at the beginning of their homing flight, a tendency that
effect of familiarity (F(1, 31) = 7.98, P < 0.01). In addi- was largest shortly after release and that was compensated
tion, there was a main effect of eyecap treatmeii2(31) = in a lateralized way; (2) monocular birds had longer vanish-
3.59, P < 0.05). The absence of an interaction between ing intervals than binocular controls. Finally, (3) monocular
these factorsK = 0.28, P > 0.75) indicates that the effect  birds had slower homing speeds, with birds using their right
of occluding the left or right eye was the same at familiar eye being overall faster than birds using their left eye.
and unfamiliar sites. Pairwise comparisons of the angular The marked effect of wearing an eyecap per se is not sur-
differences revealed that at familiar as well as at unfamiliar prising. Complex tasks usually require input from both eyes
sites, LE-birds showed significantly more scatter than con- for optimum performance, probably due to the integration
trols and RE-birds (bothP < 0.025), while there was no  of different types of information, initially processed by the
difference between latter group® & 0.95). In summary, left or right hemisphere alone, into a combined percept. This
birds showed the same pattern of lateralization in vanishing was demonstrated for foraging in a ma23] or a large

bearings at familiar and unfamiliar release sites. indoor areng24], and may also be relevant in navigation
and homing. In contrast to the laboratory studies, our exper-
3.4. Lateralization indices imental birds were flying, and normal visual flight control

involves both eye§l0].
Fig. 4gives the lateralization indices for the variables dis-  As occluding one eye disrupts binocular optic flow, dif-
cussed above for each release, together with the mean laterficulties with forward and rotational movements may arise

angular deviation from control
o | © o +0.172
[ | o o [ __ 1] ®
length of mean vector 0'(»0 PN
+ 0.098

vanishing interval

ol e +0.020
oo o 848
homing speed
o oo ce0
° '? ® ‘ ° +0.058
mean indices o ‘[‘ PPN +0.084
° o oo
1 0.8 0.6 0.4 0.2 0 0.2 0.4 06 0.8 1

Fig. 4. Lateralization indices calculated for each release from the difference in performance of the RE and LE-pigeons. Positive values lit@igate rig
superiority, negative values left-eye superiority and values at 0 no lateralization. Solid circles, scores of adult pigeons; solid diamaendsysoore

pigeons familiar with the release site; open diamonds, scores of young pigeons unfamiliar with the release site. The mean of the indices is given
numerically on the right side.
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[10]. The consistent deviation to the side of the open eye vanishing bearings appears to arise from a lateralized ten-
shortly after becoming airborne in birds with eyecaps might dency to compensate the larger initial deviation. Although
reflect such difficulties. It also could reflect a spontaneous the birds forced to use their left eye only finally reached
reluctance to head into unseen territory and thus to pre-home in similar numbers, the faster homing speed of the
fer the visually scanned sid83]. Despite having a small  right-eyed birds indicates that lateralization in favour of the
binocular visual area of 22-40pigeons are essentially right eye/left hemisphere continued after leaving the release
monocular with a complete panoramic view of 3168,19]. site.
In resting position, the optic axis of pigeons points 64 to  What is the cognitive and neuronal basis of this effect?
70° away from the midsaggital plarf@9], and monocular ~ Numerous laboratory tests had revealed lateralization of
pigeons confined to an arena at the release site showed latebject recognition, with superiority of the right ey&3].
eral deviations within this rang@]. If pigeons would take  Considering this evidence, Ulrich et §9] discussed their
a compromise between their intended heading and the opticresults in view of lateralized memory for visual landmarks
axis of their open eye, they would deviate about 85the at the release site and en route. Our present data, while
seeing side. This is very close to the’3ve observed as the indicating a slightly lower level of performance in unfamil-
mean of all deviations 1 min after release. On the other hand,iar birds, which is normal in pigeon releasg®l], clearly
the smaller deviation might indicate a first successful step show the same lateralization pattern in birds released at
in compensating for unilateral optic flow. The decrease in familiar and unfamiliar sites. This precludes recognition
deviation from the first minute until vanishing after 3-6 min of familiar landmarks at the release site as a reason for
suggests that birds might require some time to fully cope the lateralization of vanishing bearings. A recent series of
with the asymmetric visual input. How pigeons do this is homing studies in Italy confirmed that lateralized vanishing
not yet clear. Nalbach et gR0,21] described that pigeons performance does not depend on familiarity with the release
can enlarge their frontal binocular field dramatically during site: birds familiar with the sites were not lateralized during
pecking by combining yaw, pitch, and roll movements of the vanishing, whereas birds not familiar with the release sites
eyes in the skull, reshaping their visual field in a way that exhibited lateralization with better performance when the
a larger frontal field below the beak is present even under right eye was used (Prior et al., unpublished observations;
monocular conditions. However, it is highly unlikely that [8]). Furthermore, Gagliardo et gll1,12] studied the in-
pigeons can use this strategy during flight: flying pigeons fluence of lesions targeted on the hippocampus on homing
maintain a position where the horizon is about a®ove performance in pigeons. The finding of participation of both
the beak[9], and the enlarged binocular field below the brain hemispheres in familiar landmark navigatjaf] also
beak is considerably myopic and thus of little help during suggests that memory for visual landmarks is not crucial for
flight [17]. Probably, our pigeons adjusted themselves grad- lateralized homing performance. This is further supported
ually to the asymmetric optic flow and reduced the discrep- by a study involving lesions early in life before the birds
ancy between their initial heading and their intended home could learn a navigational map. Directional orientation was
course. good with an intact left brain hemisphere (lesion to the right
The observation that the compensatory improvement did hippocampus), but poor with an intact right brain hemi-
not reach significance in young monocular birds suggestsspherg12]. Taken together, the data suggest that the factor
that they might need more time than adult birds to cope with relevant for lateralization is mediated by the eye, but does
unilateral visual input. Being older than 4 months, they had not depend on visual memory for landscape features at the
a mature navigational system yet still lacked the extensive release site.
homing experience of older pigeons. Also, we cannot ex- This leaves general processing of visual input and the
clude that the brain systems compensating for monoculartwo compass mechanisms used by homing pigeons, both of
visual input undergo changes during juvenile development which involve retinal receptors. As visual motion is impor-
as reported for aspects of visual lateralization in other avian tant for structuring a bird’s environmefitO] and as the vi-
specieq27]. sual tectofugal system, which is of paramount importance
Aside from the effect of occluding either eye, we ob- for visual motion analysis, is asymmetiit4], lateralized
served lateralization of overall performance, with pigeons visual motion processing involved with flight control might
using their right eye performing consistently better, indi- have been one of the reasons for the observed pattern of
cating a superiority of the right-eye/left hemisphere. The lateralization. An involvement of the sun compass, on the
lateralization indices for all parameters except vanishing other hand, appears less likely. If monocular occlusion in-
intervals were larger than 0.051, the mean index found for a terfered with sun compass use, we would have expected the
sample of more than 100 pigeons discriminating grain from effect to depend on the side of the open eye with respect to
grit [15]. Thus, most homing parameters in the present study the sun and thus on the direction the monocular birds had to
showed a more pronounced lateralization than that observedly while homing. This was not the case. We cannot rule out
in visual discrimination tests in the laboratory. Angular thatsun compass information can be acquired without direct
deviation from the mean of the controls showed the largest view on the sun, but only experiments testing specifically
degree of lateralization. Interestingly, this asymmetry in for lateralization of the sun compass can give a final answer.
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Magnetic compass orientation in birds is also based on [2] Andrew RJ, Rogers LJ. The nature of lateralization in tetrapods. In:

Iight-dependent processes in the qu 37] The avian Rogers LJ, Andrew RJ, editors. Comparative vertebrate lateralization.
. - idge: i iversity Press; 2002. p. 94-125.
magnetic compass was recently found to be strongly lateral- ., Smbridge: Cambridge University Press; 2002. p. 94-125. _
. . . . [3] Batschelet E. Circular statistics in biology. London: Academic Press;

ized [38]: migratory European robingrithacus rubecula, 1081
using their right eye were well oriented in migratory direc-  [4] Bingman VP. Spatial representation and homing pigeon navigation.
tion, while they failed to show any directional preference In: Healy SD, editor. Spatial representation in animals. Oxford:

using the left eye. That is, the magnetic compass of robins __ Oxford University Press; 1998. p. 69-85. _

also involves a superiority of the right eye/left hemisphere [5] Bradshaw JL, Rogers.LJ. The evoluupn of lateral a;ymmetnes, lan-
. ! guage, tool use, and intellect. San Diego: Academic Press; 1993.

which was markedly stronger than the effect observed [6] Clayton NS, Krebs JR. Memory for spatial and object-specific cues in

here in pigeons. Interestingly, Ulrich et 4R9] reported food storing and non-storing birds. J Comp Physiol A 1994;174:371—

a stronger difference between the right-eyed and left-eyed 9.

performance under overcast than under clear skies, which [7] Clayton NS, Krebs JR. Lateralization and unilateral memory transfer

suggests that in pigeons, too, the magnetic compass is lat- ngjléiiz-;léz_?;e two eyes better than one? J Comp Physiol A

eralized in favour of the “ght eye. In the present StUdy' [8] Diekamp B, Prior H, loalé P, Odetti F, Guntirkin O, Gagliardo
weather conditions allowed our birds to use the sun compass  A. Effects of monocular viewing on orientation in an arena at the
in all releases. However, a recent analysis of the interac- release site and homing performance in pigeons. Behav Brain Res
tion of sun compass and magnetic compg§ suggests 2002;136:103-11. o o
that pigeons normally use information from both compass [} Efichsen JT. Hodos W, Phillips SJ. Head orientation in pigeons:
. . g postural, locomotor and visual determinants. Brain Behav Evol
mechanisms together. There was no obvious deficit when 1989:33:268-78.
the magnetic compass was impaired by a small bar magnet10] Frost BJ, Wylie DR, Wang YC. The analysis of motion in the vi-
under clear skies, but this impairment could have been of sual system of birds. In: Davies MNO, Green PR, editors. Percep-
Short duration Only, as birds mlght qu|ck|y |earn to over- tion' and motor control in birds. An ecological approach. Berlin:
come the effect of an added static field. Hence birds with ___ SPringer-verlag; 1994. p. 248-69. . .

. . . 411] Gagliardo A, loalé P, Odetti F, Bingman VP, Siegel JJ, Vallorti-
magnets might regain access to the geomagnetic field after gara G. Hippocampus and homing in pigeons: left and right hemi-
short interval, while our pigeons were deprived of magnetic spheric differences in navigational map learning. Eur J Neurosci
compass information during the entire homing flight. Also, 2001;13:1617-24.
severe when birds are otherwise handicapped, so that an 92 G. Bilateral participation of the hippocampus in familiar land-
interference with the magnetic compass is indeed a possible g‘oalrl_(;awga“on by homing pigeons. Behav Brain Res 2002:136:
reason for the poorer performance of the left-eyed birds.  [13] Guntiirkin O. Avian visual lateralization: a review. Neuroreport

In summary, the observed lateralization in favour of the 1997;8:3-11.
right eye/ief‘t hemisphere during homing might be caused by [14] Gunturkin O, Hellmann B, Melsbach G, Prior H. Asymmetries

; ; ; T ; of representation in the visual system of pigeons. Neuroreport
a combination of two effects. First, superiority of the right 1098:9:4127-.30.

eYe for the processing of visual stimuli enables rlg_ht-eye_d [15] Giinturkiin O, Diekamp B, Manns M, Nottelmann F, Prior H, Schwarz
pigeons to overcome the problems of asymmetric optic A, Skiba M. Asymmetry pays: visual lateralization improves dis-
flow considerably faster. And second, due to a strong lat- crimination success in pigeons. Curr Biol 2000;10:1079-81.
eralization of the avian magnetic compass in favour of [16] Harris LJ. Footedness in parrots: three centuries of research. Can J

the left brain hemisphere magneti m information ___ Psychol 1989;43:369-96.
e left bra emisphereé magnetic compass ormatio [17] Hodos W, Erichsen JT. Lower-field myopia in birds: an adaptation

IS ava”ab_le for rlght-eyed, but not for Ieft_'ey_ed bll’ds._ l_n that keeps the ground in focus. Vision Res 1990;30:653-7.
combination these factors lead to lateralization of initial [18] Martin GR. Producing the image. In: Zeigler HP, Bischof H-J, editors.
orientation and homing speed. Vision, brain, and behaviour in birds. Cambridge, MA: MIT Press;
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