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Introduction

Anatomical and functional hemispheric asymmetries are a ubiquitous property of vertebrate
brains (Vallortigara & Rogers, 2005; Ocklenburg & Guntlrkin, 2012). Because of their strongly
lateralized visual systems (Manns & Strockens, 2014), research on birds has made a substantial
contribution to our understanding of the evolution, function and neural basis of the lateralized
control of visually guided behaviour. Although the pattern of asymmetry may vary in the two most
commonly studied avian species, young chickens (Gallus gallus domesticus) and pigeons (Columba
livia), there is evidence that the two brain hemispheres of all birds asymmetrically support visually
guided spatial behaviour (Tommasi & Vallortigara, 2001; Nardi & Bingman, 2007).

Pigeon homing is supported by a range of navigation and orientation mechanisms including
the so-called navigational map, used from unfamiliar locations, familiar landscape/landmark
navigation, sun compass and geomagnetic compass (Wallraff, 2005). There is considerable
evidence that the two brain hemispheres make different contributions supporting navigational
mechanisms in pigeons. Navigation from unfamiliar sites, necessarily involving the navigational
map and associated compass mechanisms, is principally controlled by the left brain hemisphere
with respect to visual inputs (Prior, Wiltschko, Stapput, Glntirkin & Wiltschko, 2004),
hippocampal control (Gagliardo, loalé, Odetti, Bingman, Siegel & Vallortigara, 2001; Gagliardo,
Vallortigara, Nardi & Bingman, 2005) and control by the olfactory cortex (Gagliardo, Odetti, loale,
Pecchia & Vallortigara, 2005). The left hippocampal bias correlates with the recently discovered
broader neural network organization of the left hippocampus compared to the right (Jonckers,
Guntarkidn, De Groof, Van der Linden & Bingman, 2015). By contrast, navigation by familiar
landscape/landmarks appears more complicated and likely involves visual processing in both brain
hemispheres (Diekamp, Prior, loale, Odetti, Glntlrkin & Gagliardo, 2002) as well as both the left
and right hippocampus (Gagliardo, Odetti, loale, Bingman, Tuttle & Vallortigara, 2002). However,
interpretation of the familiar landscape/landmark lateralization data is confounded by the existence

of two navigational strategies that can exploit topographic information in the control of homing
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behaviour: site-specific compass orientation and pilotage (Gagliardo, loalé & Bingman, 1999;
Guilford & Biro, 2014; Filannino, Armstrong, Guilford & Gagliardo, 2014). Using the first strategy,
birds rely on memorised release site features learned in association with the homeward compass
direction. By contrast, relying on the spatial relationship among familiar visual features would
enable pigeons to pilot home without being dependent on compass information, as such, resembling
more the “cognitive map” conceptualized by O’Keefe and Nadel (O’Keefe & Nadel, 1978). These
two strategies can be experimentally dissociated by releasing pigeons within a familiar area after
having manipulated their internal clock, which induces a deflection in orientation only when the sun
compass is being used because of an error in the estimation of time of day. The relative importance
of familiar topographical cues for the re-orientation of a pigeon can be evaluated by comparing the
degree of deflection and/or the degree of overlap between tracks recorded before and after clock-
shift. Using this protocol on pigeons housed in coastal Tuscany, the important influence of the sea
as a major guiding feature in enabling re-orientation after clock-shift has often been discussed
(Bonadonna, Holland, Dall’ Antonia, Guilford & Benvenuti, 2000; Gagliardo, Odetti & loale, 2005;
Filannino, Armstrong, Guilford & Gagliardo, 2014). In fact, clock-shifted pigeons released from
familiar locations outside visual contact with the coast consistently display a greater deviation from
the home direction compared to pigeons released near the coastline, and this is true regardless of
whether the phase-shift induced deflection led the birds to orient towards the sea or inland.
Interestingly, hippocampal ablation impairs the ability to re-orient at familiar locations where the
coast can be used as a topographic cue (Gagliardo, loale, Savini, Dell'Omo & Bingman, 2009).

The possible differential involvement of left and right hemisphere for the visual processing
of familiar landmarks for homing pigeon navigation remains uncertain, partly because until recently
all experiments relied on vanishing bearing and homing speed data. In the current study, we applied
GPS-tracking technology to record the entire flight tracks of the experimental birds in order to
assess possible asymmetries in the contribution of left and right hemispheres in the visual

processing supporting navigation by familiar landmarks or landscape features. Pigeons were first
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trained under monocular conditions (only the left or right eye had access to landmark/landscape
information) from two training sites located near the coast north and south of home, and then tested
under binocular conditions from the same sites, but now after a phase-shift manipulation of the
light-dark cycle. The phase-shift manipulation was implemented to lead the birds to fly off initially
in a wrong direction (induced navigational error; Wallraff, 2005). Using this two-step protocol, we
were able to study the development of flight path fidelity under monocular viewing, and whether
the left or the right-eye visual system is advantaged in the learning of familiar topographical
features during training that would enable a better landmark-based retracing of the acquired training
route home after clock-shift. We expected to observe a higher level of route fidelity during training
and/or after clock-shift in the pigeons trained with the hemisphere preferentially used for
memorising and recalling visual landmarks and landscape features associated with route fidelity.
Alternatively, in the absence of any brain asymmetry in landmark-based route fidelity, one would
expect better re-orientation in the monocular group advantaged with accessibility to visual

information from the coastline.

Materials and methods

General procedure

Sixty-four, first-year, naive pigeons (Columba livia) of both sex, hatched and kept at the
Arnino field station (43°3926"N, 10°18'14"E; Pisa, Italy), were used. After fledging the birds were
allowed to perform spontaneous flights around the loft. All releases took place under sunny
conditions, with no or light winds over two summers (2013 and 2014). The birds had access to
food, grit and water ad libitum for the duration of the experiment. The project was approved by the
Scientific Ethics Committee of the University of Pisa (permit N. 24300) and was carried out in
accordance with the EU Directive 2010/63/EU on the protection of animals used for scientific
purposes. Two weeks before the beginning of the experiment, the birds were equipped with PVC

dummies in order to accustom them to carrying a load. A dummy was dorsally attached to a pigeon
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by means of a Velcro® strip glued to the feathers, previously trimmed. During the experimental
releases, the dummy was replaced with a GPS data logger (Mobile Action IgotU, 20g), that stored
every second latitude, longitude, speed and time of recording. The tracks recorded were visualized

with QGIS (http://www.qgis.org/). All original track data are available at the data archive

www.movebank.org (DOIs provided at publication).

Pigeons were randomly assigned to three groups. LH (N = 23) birds were trained with the
left eye covered with an eye cap (see below). Therefore, because of the strongly, lateralized,
contralateral visual inputs to the telencephalon, these birds were prevailingly limited to left
hemisphere visual processing (3). RH (N = 25) birds were trained with the right eye covered, and
therefore, right hemisphere visual processing. C (N = 16) birds were trained with both eyes
uncovered. The three groups of birds were subjected to the following release program from each
of the two release sites chosen for the experiment (see below): 7 group training releases; 1
individual release under non-clock-shifted conditions, 1 individual release following clock-shift.
Both LH and RH birds wore the eye-cap during the 7 group releases and the individual release
under non-clock-shift conditions, but were released in the binocular condition following clock-
shift.

Three days before the beginning of the training releases a Velcro ring was glued with water-
soluble, non-toxic glue to trimmed feathers around the left and right eye of the LH and RH birds,
respectively. The complementary piece of Velcro ring was glued to a conical cap made of a double
layer of translucent paper (diameter 30 mm), which allowed diffuse light to stimulate the eye, and
therefore, eliminate possible effects on the internal clock. The birds were monitored daily in the
loft to observe any possible effect of the monocular occlusion on their behaviour. After monocular
occlusion the birds were able to feed and drink normally and seemed to get used to wear the eye-
cap in a few hours. The LH and RH birds were released as a group with eye caps attached,
together with the C birds, near (500 m) their loft in order to accustom them to flying with one eye

covered. The three groups of pigeons together were then subjected to 7 group training releases
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from each of the two release sites (Livorno, home direction and distance 341°, 12 km; La Sterpaia
194°, 9.5 km), followed by an additional individual release from each training site. Both release
sites were 4-5 km from the coast roughly North (La Sterpaia) and South (Livorno) with respect to
home. These release sites were chosen such that the sea, constituting a salient topographical
feature for re-orientation (Gagliardo, loale, Savini, DellOmo & Bingman, 2009; Filannino,
Armstrong, Guilford & Gagliardo, 2014), was on the right side of a pigeon when heading home
from La Sterpaia, and on the left side of a pigeon when heading home from Livorno. A
consequence of the geographical position of the release sites is that after a fast clock-shift (see
below) the expected anticlockwise deflection would lead the birds towards the sea when released
from Livorno, and inland when released from La Sterpaia.

The GPS loggers were applied to the pigeons before displacement. The pigeons were
transported in a crate with a removable wall. Once at the release site, the crate was placed on the
ground and opened allowing the birds out as a group. During the single releases the birds were
tossed singly at an interval of at least 10 minutes between individuals. The LH and RH pigeons
wore the eye-caps continually for the duration of the training portion of the experiment (until the
clock-shift manipulation, see below).

In 2013 (LH N =15; RH N = 17; C N = 12) not every bird was always provided with a GPS
logger during the group training phase (see supplementary material for details). By contrast, in 2014
(LH N =8; RHN=8; CN =4) all birds carried GPS loggers for every training and test release.
However, during both years, all the birds were equipped with GPS loggers for the individual test
releases before and after the clock-shift treatment (see below). After the last training release from
each site (the individual releases), the pigeons that completed the entire training phase (LH N = 11,
RH N =10, C N = 14) were 6 hours fast shifted by placing them, with the eye caps now removed, in
a light tight room ventilated by an aspirator and provided with perches and ad libitum food and
water. The light-dark cycle in the room was shifted 6-hours fast with respect to the natural cycle.

After at least 6 days of clock-shift treatment, each bird was released singly from each release site
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under binocular conditions. After the first release under clock-shift, the birds, once they had homed,
were immediately placed back in the clock-shift room in order to keep them phase-shifted until the
second clock-shift release. Birds moult out glued velcro strip after experiment. After homing
from their second clock-shift release the birds were returned to live and breed at the lofts,

allowing access to free flight daily.

Quantitative analyses and statistical procedures
All the statistical analyses were limited to fixes recorded during active flight, which we defined as a
GPS recorded speed greater than 5 km/h. Details on the tracks obtained and the analyses performed

are reported in Table 1.

Tracks recorded during the training phase.

For the tracks recorded during the training releases, we analysed the following parameters:

Social behaviour of monocularly occluded birds.

For each group release (releases 1-7), we computed the pairing index (PI): the percentage of the
fixes of each bird’s track that were 80 m or closer to another pigeon at the same time. A Two Way
RM ANOVA was applied to the mean individual Pls for each individual across the 7 training-group
releases from each site in order to test for differences in gregariousness during homing among the
experimental groups (factors: treatment and release site). Multiple, post-hoc comparisons were
performed with the Bonferroni t-test. The PI analysis was conducted only on the 2014 data set,

when all the pigeons carried GPS loggers during each group training release.

Local navigation approaching the home loft: To quantify the efficiency in localising the home loft
during the last phase of the homing flight (approaching the home loft), we recorded the median

length of the training routes starting with a first fix located beyond a line crossing the home site
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perpendicularly to the beeline between the release site and the home site for each individual until it
reached home (a pigeon that did not cross that line on a given training release was given a score of 0
km). Between group differences in median kilometres flown beyond the home area were assessed
with a Kruskall-Wallis test for each release site. The Mann-Whitney U-test was used to compare the
performance of monocular birds released under their most favourable (home loft should have fallen
within the visual field of the open eye as a pigeon approached the home loft; RH from Livorno
versus LH from La Sterpaia) and most unfavourable (RH from La Sterpaia versus LH from
Livorno) condition for visually locating the home loft during the final part of their homing journey.
Only the birds with at least 6 out of 8 tracks available for a release site were included in the

analysis.

Spatial occupancy index. Using QGis, for each fix of each individual’s track we arbitrarily
considered the radius of 400 m around a fix to identify approximately the space that was visually
accessible (what we term the “space buffer”) for each training release excluding the first (when the
pigeons were still unfamiliar with the route home). For each pigeon, we merged all the buffers
separately for each release site and computed the obtained area in square kilometres. Based on this
analysis, smaller areas would indicate both an efficient homing route (close to the “beeline” from
release site to home loft) and/or a higher tendency to retrace previous routes or parts of them
(fidelity). The spatial occupancy index was defined as the ratio obtained by dividing each
individual’s area by the minimal, theoretically possible area for each release site (the area obtained
merging the buffers of the beeline between the release site and home: Livorno 9.6 km?, La Sterpaia
7.6 km?). We then applied a Kruskall-Wallis (Livorno: C N =7, RH N = 8; LH N = 10; La Sterpaia:
CN=8, RHN=38; LH N = 10) test to compare spatial occupancy indices across groups for each
release site. This was done to test the effect of different visual access to landscape features
(seacoast, inland or both) on the spatial occupancy index displayed by the three experimental

groups. The Wilcoxon test was used for within-group comparisons between the two release sites (C
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N =7, RHN =8; LH N = 10). Only the birds for which at least 6 out of 7 training tracks for each

release site were available were included in the analysis.

Tracks recorded under clock-shift.

Pigeons that flew together during the clock-shift test releases were excluded from the following
analyses.

Retracing the last training tracks after clock-shift. We examined the percentage of fixes from La
Sterpaia and Livorno flown by each bird during the last, individual training flight that were over-
flown again (within 400 m distance) during homing flights performed after clock-shift. Fixes within
1 km of the release site and home loft were excluded from this computation. The analysis was
performed only on complete tracks from the release site to home. A Two-Way RM ANOVA was
applied to the percentage of “over-flown fixes” in order to assess between group differences and
any release-site effect with respect to the tendency to fly, after clock-shift, near landmarks
experienced during the last, individual training flight. Post hoc comparisons were performed with

the Bonferroni t test.

Kilometres flown outside the total familiar area. For each pigeon we computed the number of
kilometres flown outside the previously visited areas (pooled training occupancy maps from both
release sites including the first training release) when homing under the clock-shift condition. For
the second track recorded after clock-shift, we amended the familiar area buffer map generated
during the training flights (see above) to include the buffer areas recorded during the first homing
flight under clock-shift. This analysis was conducted on the birds for which at least 12 out of 16
training tracks were available (LH,N=8and N=9; RH,N=8and N=8; C,N=3and N =7, from
Livorno and La Sterpaia, respectively). A One Way ANOVA or Kruskall-Wallis was used to test

for between group differences. Multiple comparisons were performed with the Fisher method.
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Initial orientation before and under clock-shift. For both the flight path recorded under clock-shift
and the last training release before the shift treatment, we considered the section of each track from
the release site out to a 10 km radius and we computed for each bird for each releases its mean
vector by averaging the direction taken by the bird moving from one fix to the next. The mean
vector distributions of the three groups were tested for randomness with the Hotelling test. A two
sample Hotelling test was used to compare mean vector distributions. Virtual vanishing bearing data

distributions (orientation of the birds at 2 km from the release site) are reported in Table 2.

Deviation from the last training track. This analysis was performed on the birds for which both the
last training track and the track recorded under clock-shift were available. We computed the
deviation of each individual’s track recorded under clock-shift compared to its last training track

and groups were compared with the Kruskall Wallis test.

Results

Tracks recorded during the training phase

Social behaviour of monocularly occluded birds.

The analysis performed on the 2014 pigeons’ pairing indices (PI), used to assess gregarious
behaviour during the group training releases, revealed a significant difference between the
treatments (C, N = 4, PI = 0.88+0.13; LH, N = 6, PI = 0.63+0.13; RH, N = 6, Pl = 0.40£0.05; Two
Way RM ANOVA Fz13= 22.995, P < 0.001; Fig. Al). Being monocular turned out to impair the
ability of a bird to keep close to a companion while homing (Bonferroni t-test, C versus RH, P <
0.001; C versus LH, P < 0.05). However, the RH birds displayed a significantly smaller pairing
index than LH pigeons (RH versus LH, P < 0.01). This result confirmed what had been observed in
2013, although for that year the missing tracking data for some pigeons did not allow us to measure
with certainty the group-forming behaviour of the birds. The degree of gregariousness co-varied

with release site (F1,13 = 29.86, P < 0.001; Livorno, Pl = 0.52+0.27; La Sterpaia Pl = 0.69+0.18),
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with birds homing from La Sterpaia displaying higher Pls. This may be explained in part by the
observation that from La Sterpaia many birds often landed and accumulated on the roof of a nearby
building before starting their homing flight. This probably favoured their tendency to fly with a
companion. A significant interaction between treatment and release site was also found (Fz13=
7.646, P < 0.01). In particular, from Livorno each group displayed a significantly different Pl in
comparison to the other two groups (C, Pl =0.82+0.19; LH, Pl = 0.60+0.15; RH, PI = 0.24+0.07; C
versus LH, P < 0.05; C versus RH and RH versus LH, P < 0.001). By contrast, when flying from La
Sterpaia the difference between LH and RH did not reach significance (C, Pl = 0.93£0.09; LH, PI =
0.66+0.15; RH, P1 = 0.56+0.07; C versus LH P = 0.01; C versus RH P < 0.001; LH versus RH P >
0.1). In addition, the RH pigeons displayed a PI significantly greater when homing from La Sterpaia
compared to when homing from Livorno (P < 0.001), while the C and LH pigeons displayed similar

Pls from both release sites (P > 0.05).

Local navigation approaching the home loft

Visual inspection of the birds’ tracks (Fig. A2) as they approached the home loft revealed that
the LH birds tended to fly more inland from Livorno and nearer the coast from La Sterpaia; as
expected, their movement drifted to the side of their open eye. The complementary pattern was
displayed by the RH birds, who were more likely to fly near the coast from Livorno and inland from
La Sterpaia. The consequence of this behaviour is that when approaching the home area, the LH
birds homing from Livorno and the RH birds homing from la Sterpaia were more likely to have the
home loft and immediate surroundings on the side of their occluded eye. In many cases these birds
did not head directly to their home loft despite being close to it, but rather, continued to fly beyond
the home area sometimes for several kilometres before turning and eventually reaching home (Fig.
A3).

From Livorno the three groups displayed a significant difference in the number of kms flown

to reach home after having crossed the line perpendicular to the beeline between home and the
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release site (Fig. 1; Kruskall-Wallis test, P = 0.011; median number of km: LH, N =9, 2.3 km; RH,
N =8, 0 km; C N =10, 0.21 km). In fact, the LH birds were significantly less efficient in localising
the loft during approach compared to the RH pigeons (Dunn’s test, LH versus RH, P < 0.02; both
LH versus C and C versus RH, P > 0.05). Interestingly, the groups’ approach navigation was not
significantly different from La Sterpaia. (P > 0.1; LH, N=9,0 km; RH, N =8, 0.55 km; C,N=8,0
km), where the RH pigeons might have been expected to fly longer path.

A direct comparison between the monocular groups released from their respective less
favourable release site (RH from La Sterpaia versus LH from Livorno) uncovered that the LH birds
were more impaired than the RH pigeons in locating the loft (one tailed Mann-Whitney U test, P <
0.05). When released from their “favourable” release site (RH from Livorno and LH from La
Sterpaia), the two monocular groups were equally efficient in locating the home loft (Mann-

Whitney U test, P >0.1).

Spatial occupancy index. From Livorno the RH birds displayed a smaller spatial occupancy index
compared to the LH birds (Fig. 2a and Fig. A4; Kruskall-Wallis test, P < 0.01; LH, N = 10, median
ratio 5.49; RH, N = 8, 3.36; C, N = 7, 4.43; Dunn’s test, LH versus RH P < 0.01; both C versus LH
and C versus RH P > 0.1). By contrast, no between group difference emerged from La Sterpaia
(Kruskall-Wallis test, P > 0.1; LH, N = 10, 5.50; RH, N = 8, 5.50; C, N = 8, 7.31). The Wilcoxon
signed rank test revealed that while LH birds displayed similar spatial occupancy indices when
released from Livorno and La Sterpaia (P > 0.2), both the C and RH pigeons displayed higher
spatial occupancy indices from La Sterpaia compared to Livorno (P < 0.05 and P < 0.02,
respectively).

This analysis indicates that the RH birds when flying with the leading line of the coast
accessible to their open eye (from Livorno) were better at following the same route home compared

to the LH pigeons (from La Sterpaia). In fact, the spatial occupancy indices of the RH birds from
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Livorno were significantly lower than the same indices of the LH birds from La Sterpaia (Mann-

Whytney U test, P < 0.001).

Tracks recorded under clock-shift.

Retracing the last training tracks after clock-shift. The analysis of the percentage of the positional
fixes recorded from the last training (unshifted) flights that were re-approached (nearer than 400 m)
during the homing flight under clock-shift significantly differed among the three groups (Two Way
RM ANOVA, F2» = 6.168, P < 0.01; C, N = 7 and N = 9 from Livorno and La Sterpaia
respectively; LH, N =9, and RH, N = 8, from both release sites; Fig. 3). In particular, the RH birds
displayed significantly more fixes within 400 m of the un-shifted flight path in comparison to both
the LH and C groups (Bonferroni t test, RH versus LH, P < 0.01; RH versus C, P < 0.05; C versus
LH, P > 0.5). A difference between the release sites emerged, as the clock-shift tracks from
Livorno, irrespective of group, were more likely to overlap the last training (un-shifted) flight paths
(F119 = 4.44, P < 0.05). No significant interaction between treatment and release site was found

(F210 = 1.814, P > 0.1).

Kilometres flown outside the total familiar area. The LH birds binocularly released under clock-
shift tended to fly for longer distances outside the previously visited area compared to both RH and
C pigeons (Fig. 2b and Fig. 4). However, this difference turned out to be statistically significant
only for the clock-shift test from Livorno (One Way ANOVA, Livorno: F,16= 4.15, P < 0.05; LH,
N = 8, mean 22.5+ 9.8 km; RH, N = 8, 12.7+8.4 km; C, N = 3, 6.7+8.8; Fisher method LH versus
RH and LH versus C P < 0.05, RH versus C P > 0.1; La Sterpaia: P > 0.1, LH, N = 9, median 25.4

km; RH, N =8, 18.1 km; C, N =7, 18.4 km).

Initial orientation before and after clock-shift. Over the 10 km radius centred on the release site,

the three groups of birds on the last training (single) release displayed significantly oriented
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distributions both from Livorno and La Sterpaia (Hotelling test P < 0.001 in all cases). As expected,
the initial orientation of the monocular birds reflected a bias towards the side of the open eye
(Livorno, LH,N=9,r=0.60, o =347°; RH,N=8,r=0.51, 0 =303° C,N=7,r=0.71, o = 330°
La Sterpaia, LH, N=9,r =0.54, 0 =222°; RH, N =8, r =0.60, o = 181°; C,N =9, r=0.51, a =
207°), such that at both La Sterpaia and Livorno the LH and RH pigeons displayed significantly
different mean vector distributions (two sample Hotelling test, LH versus RH P < 0.01 and P <
0.001 from La Sterpaia and Livorno, respectively). The monocularly occluded birds oriented
differently from the binocular pigeons, with the exception of the LH pigeons at La Sterpaia (Two
sample Hotelling test, C versus RH P < 0.05 at both sites; C versus LH P < 0.05 and P > 0.05 at
Livorno and La Sterpaia, respectively).

After clock shift the three groups of birds displayed significantly oriented mean vector
distributions from both Livorno and La Sterpaia (Hotelling test P < 0.01), with the exception of the
RH pigeons released at La Sterpaia (P > 0.05): Livorno,LH, N =9, r=0.21, a =282°; RH, N=8, r
=0.17, 0 =262°, C, N =8,r=0.21, o = 271°; La Sterpaia, LH, N=9,r=0.34, 0. = 153°; RH, N =
10,r=0.22, 0= 143°, C,N =11, r=0.41, a = 173°. As expected after a fast-phase-shift treatment,
the second order mean vector directions indicate a general anticlockwise deflection with respect to
the mean orientation observed during the last training release. No significant difference between the
distributions of the three clock-shifted groups at either release site was detected (Two Sample

Hotelling test P > 0.05 in all comparisons).

Deviation from the last training track. Figure 5 reports the individual initial (within 10 km radius
from the release site) deviation of the birds following clock-shift from their own track recorded in
the un-shifted condition (see also Fig. A5 for further details). The Kruskall Wallis test did not reveal
any statistical difference between the initial deviation of the three groups (P > 0.05) at both Livorno
and La Sterpaia; median deviation: Livorno, LH -22°, RH +2°, C -20°; La SterpaiaLH -76°, RH -

42°, C -34).
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Discussion

Pigeons learn to follow familiar routes home across the landscape as they gain experience
from multiple releases from the same site, and the evidence suggests that this involves increasing
reliance on piloting via familiar landmark/landscape information and a lessening of reliance on
compass-based orientation. For the first time we provide cumulative evidence supporting the
hypothesis that this learning is lateralized in pigeons, with the right hemisphere preferentially used
in the process. Although training under monocular conditions may have resulted in an improvement
in the re-tracing of the increasingly faithful route home using the non-preferred(left) hemisphere, a
difference between the left and right monocularly occluded birds was evident. Birds trained with the
left eye open, and hence with the right hemisphere the principal recipient of visual information
(RH), are more faithful to a familiar flight corridor acquired during training compared to pigeons
relying on their right eye/left brain hemisphere (LH). The RH pigeons remain more faithful even
after having their time-compensated sun compass shifted. These results are partially consistent with
a recent report by Martinho and colleagues (Martinho, Biro, Guilford, Gagliardo & Kacelnik, 2015).
Although they found no advantage of the right hemisphere during the acquisition of route fidelity,
monocular pigeons that acquired route stereotypy with the left eye/right hemisphere system
displayed stronger route fidelity when subsequently tested with the contralateral system (the
implication being more information transfer from the right to the left hemisphere). We explain their
lack of asymmetry in favour of the right hemisphere during route learning as probably being due to
the relatively easy task employed, with pigeons being released from only one site located a short
distance from the loft. The results by Martinho and colleagues (Martinho, Biro, Guilford, Gagliardo
& Kacelnik, 2015) offer potentially interesting implications for the interpretation of the results of
the present experiment. In fact, it is possible that the more efficient landmark-based route retracing

shown by the RH birds, particularly when tested under binocular conditions after clock-shift, might
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be partly due to a greater transfer of information to the left hemisphere of the familiar route learned
by the right hemisphere (Letzner, Patzke, Verhaal & Manns, 2014).

Generally, and consistent with previous reports (Diekamp, Prior, loalé, Odetti, Gunturkin &
Gagliardo, 2002), monocular occlusion, irrespective of side, was associated during training with a
route bias in the direction towards the side of the open eye (Fig. A3). As a consequence, the RH
birds generally flew closer to the coast from Livorno than from La Sterpaia, while the opposite
occurred for the LH pigeons. Therefore, during training the LH birds homing from Livorno and the
RH pigeons homing from La Sterpaia were more likely to be eastward of home once reaching the
home area, i.e., with the home loft on the side of the occluded eye. This likely resulted in locating
the home loft being more difficult for the RH birds homing from La Sterpaia and the LH birds
homing from Livorno. However, the RH and the LH pigeons were not equally affected by this
potentially unfavourable situation. Specifically, the RH birds, when “blind” to the home loft from
La Sterpaia, flew fewer kilometres beyond the home area, i.e., were more efficient, compared to the
LH pigeons when “blind” to the home loft from Livorno (Fig. 1).

The poorer efficiency of the LH pigeons, compared to the RH birds, to localise the home loft
in the last phase of their homing journey contributed to their larger spatial occupancy area during
training flights from Livorno (Fig. 2a and Fig. A4). One explanation for this difference is that the
greater efficiency of the RH birds in localising the loft resulted from better access to navigationally
relevant landmarks and landscape features. Additionally, one could argue that the better
performance of the RH birds from Livorno might have also resulted, in part, from the physical
constraint of the coastline limiting how far they could drift westward (open-eye-ward) to the coast.
This interpretation is consistent with the fact that RH birds displayed a significantly lower spatial
occupancy index when homing from Livorno compared to La Sterpaia. However, if the only thing
that mattered was the physical constraint of the sea, one would expect the LH pigeons from La
Sterpaia to have displayed fewer “over flown” kms and lower spatial occupancy index compared to

the RH pigeons. Actually, the LH birds demonstrated no advantage with respect to over-flown kms
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and spatial occupancy when released from La Sterpaia compared to Livorno. Overall, we interpret
the difference in the behaviour of the LH and RH pigeons during training as a reflection of a greater
tendency on the part of the RH pigeons to fly faithfully over familiar space. It should be noted here
as well that even when the RH birds had diminished visual access to the loft (from La Sterpaia),
they did not display as large a tendency to fly beyond the home area compared to the LH pigeons
from Livorno. Therefore, the RH pigeons also appeared superior in using landmark/landscape
information to locate the loft when direct visual access to the loft was rendered less likely.

Consistent with the theme that the RH pigeons displayed greater fidelity in retracing the
same routes home across releases was the notable similarity in the tracks they flew during their last
training release (birds released singly) and their tracks following clock-shift (when they were
returned to being binocular). The clock-shift test was performed to test specifically the ability of the
pigeons to use familiar landmarks for re-orientation without use of the sun compass. The RH
pigeons had a significantly higher percentage of fixes over the corridor flown on their last training
release retraced under clock-shift compared to both the LH and Control pigeons. From a different
perspective, it is also noteworthy that under clock-shift the LH pigeons, significantly from Livorno
and trending from La Sterpaia (Fig. 2b and Fig. 4), flew over more unfamiliar space than did the
RH or control pigeons.

Previous research has pointed out that visual access to the coastline enhances familiar
landmark-based re-orientation in misdirected clock-shifted pigeons, perhaps because it acts as a
major guiding feature (Bonadonna, Holland, Dall’ Antonia, Guilford & Benvenuti, 2000; Gagliardo,
Odetti & loale, 2005; Gagliardo, loalé, Savini, Dell'Omo & Bingman, 2009; Filannino, Armstrong,
Guilford & Gagliardo, 2014). For this reason, a lack of brain asymmetry in the acquisition and
maintenance of route fidelity would have resulted in more robust landmark-based navigation in the
RH birds compared to the LH birds when homing from Livorno (left eye exposed to the sea), and in
the LH birds compared to the RH pigeons when homing from La Sterpaia (right eye exposed to the

sea). In fact, the LH birds did not display significantly greater route fidelity than the RH pigeons
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when the view of the sea was expected to enhance any acquired fidelity. This observation supports
the hypothesis of a brain asymmetry in favour of the right hemisphere in the use of topographical
cues in the context of route fidelity.

Taken together, the training and clock-shift data all point to a left eye/right brain hemisphere
advantage in pigeons staying close to familiar space and previously flown routes, and perhaps under
some conditions, being better at staying in the visual-catchment zone of the home loft (they tended
to be less likely to fly beyond the home area). The attachment to familiar space displayed by the RH
pigeons is likely to be supported by recognition of topographical features. One could argue that the
heighted sensitivity of the RH birds to attend to visual landmarks might be a consequence of their
tendency to fly alone rather than with others. It has been claimed, based on EEG recordings taken
from flying pigeons (Vyssotski et al., 2009), that binocular pigeons flying in a flock attend less to
visual landmarks than do birds flying alone. Therefore, one might expect that the control pigeons of
the current study, having a higher tendency to fly in groups, would be less attentive to landscape
features, and therefore, show less familiar space fidelity. However, the behaviour of the control
pigeons was ambiguous, at times showing poorer fidelity with familiar space compared to the RH
pigeons, and other times performing like the RH pigeons. There may also be a physiological factor
that can explain the behaviour of the RH pigeons. In starlings (Sturnus vulgaris) and blue tits
(Cyanistes caeruleus) the left eye is characterized by a larger number of single cones (Hart,
Partridge & Cuthill, 2000; Hart, Partridge, Cuthill & Bennett, 2000), which may enable better
colour vision (Maier & Bowmaker, 1993) and therefore perhaps landmark discrimination. If
pigeons are like starlings and blue tits, then the RH advantage reported here may be in part due to
better visual discrimination of landmarks. However, differences between the left and right eyes in
colour discrimination have not been observed in laboratory studies, and in general, a left
hemispheric dominance in discrimination tasks has been reported (Manns & Strockens, 2014).

Nevertheless, it is possible that the left-hemispheric dominance in visual discrimination tasks
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typically found is not caused by differences in sensory, but by cognitive and/ or motor control
processes.

The advantage of the left eye/right hemisphere system for familiar space fidelity and
possibly visual landmark memory that can aid homing may partially depend on functional
asymmetry of the hippocampal formation. Earlier homing experiments based on the recording of
vanishing bearings generally revealed that unilateral hippocampal lesions (Gagliardo, Odetti, loale,
Bingman, Tuttle & Vallortigara, 2002) produced a similar orientation performance compared to
bilateral lesions when birds are released from familiar locations after clock-shift (Gagliardo, loalé,
Savini, Dell'Omo & Bingman, 2009). However, there is some evidence that the right hippocampus
plays a more important role in local navigation near the home loft (Gagliardo, loale, Odetti,
Bingman, Siegel & Vallortigara, 2001).

Studies conducted on chicks in an indoor arena suggested that encoding the geometric
features of an enclosure lateralizes to the right hippocampus (Tommasi, Gagliardo, Andrew &
Vallortigara, 2003). Consistent with this observation, arena experiments with monocular occluded
chicks (Tommasi & Vallortigara, 2004) and pigeons (Prior, Lingenauber, Nitschke & Gunturkin,
2002) suggested an asymmetrical involvement of the right and left hemisphere in the processing of
global and local spatial information, respectively. By contrast, Wilzeck, and colleagues (Wilzeck,
Prior & Kelly, 2009) reported an equal contribution of both hemispheres in encoding geometric-
global information. However, comparison between experimental arena and outdoor, large-scale
navigation experiments is complicated by the fact that, in arenas, landmarks (local cues) are likely
more easily represented as beacons rather than cues embedded in some spatial-relational map
(Sherry & Vaccarino, 1989; Vallortigara, Pagni & Sovrano, 2004). However, the likely reliance
on both landscape cues, such as the coastline, and the spatial relationship among familiar landmarks
to support the observed route fidelity, especially in the RH pigeons, likely involves the processing
of “global cues”, and as such, render our results consistent with what has been reported at least in

some arena experiments (e.g., Tommasi & Vallortigara, 2004; Rashid & Andrew, 1989). In
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addition, the apparent superiority of the right hemisphere in memorising topographical features in a
natural, environmental setting (our data) is consistent with the better performance of the right
hemisphere in learning complex stimuli in operant conditioning tasks (Yamazaki, Aust, Huber,
Hausmann & Gunturkin, 2007). Finally, a systematic GPS study investigating possible differences
in the role of the left and right hippocampus during homing is lacking. However, a left hippocampal
advantage for navigating by geometry in an indoor arena has been reported in pigeons (Nardi &
Bingman, 2007), while no functional asymmetry in the hippocampal formation has been reported to
date in landmark-based navigation (Gagliardo, Odetti, loale, Bingman, Tuttle & Vallortigara, 2002).

In the current experiment we reported an analysis of the relative tendency of pigeons to fly
together in three treatment groups. Although the statistical analysis was conducted on a sub-sample
of pigeons (only pigeons released in the 2014 when every track was recorded; see Material and
methods for details), the general behavioural differences were apparent in the entire data set.
Clearly further investigation is needed to better understand laterality as it relates to gregariousness,
but we think it worth discussing the lateralized differences in gregariousness suggested by our
analysis.

Although both the LH and RH pigeons were less likely than the control pigeons to fly with
another bird during the training flights, the LH birds were nonetheless more gregarious than the RH
birds. Recalling the retinal differences described above, the difference between the LH and RH
pigeons might be at least partly due to an asymmetry in the number of double cones in the retina of
the left and right eye if pigeons resemble starlings and blue tits (Hart, Partridge & Cuthill, 2000;
Hart, Partridge, Cuthill & Bennett, 2000). In these two species it has been shown that double cones,
specialised for movement detection (Campenhausen & Kirschfeld, 1998), are more abundant in the
right eye. By contrast, single cones, as noted above, are more abundant in the left retina (Hart,
Partridge & Cuthill, 2000; Hart, Partridge, Cuthill & Bennett, 2000). As such, a greater sensitivity
of the right eye to motion may have facilitated detection and joining of other pigeons in the LH

compared to the RH birds. However, the advantage of left hemisphere in processing and/or
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integrating perceived motion reported in the literature (see Manns & Strockens, 2014) might explain
the more gregarious behaviour of the LH pigeons without implying a role of social signals in flock
cohesion. That is because, according to previous investigations, social signals and individual
recognition seem to be more controlled by the right hemisphere (Daisley, Mascalzoni, Rosa-Salva,
Rugani & Regolin, 2009). Nagy and colleagues (Nagy, Akos, Biro & Vicsek, 2010) observed that
pigeons following a familiar leader are more likely to keep it on their left side, presumably using the
left eye/right hemisphere. However, Nagy and colleagues (Nagy, Akos, Biro & Vicsek, 2010)
recorded a difference in the reaction speed to turns of a following companion when the being
followed is viewed by the left or right eye, and not an actual difference in attraction or pairing with
a companion. Following a leader might reflect a process of individual recognition, which as stated
above, is more strongly associated with the right hemisphere (see Manns & Strockens, 2014). The
suggestive stronger role of the left hemisphere in flock cohesion observed in the present experiment
does not necessarily imply an involvement of right eye/left hemisphere visual system in individual
recognition. In fact, both hemispheres were found to be involved in avian social responses, but
with different strategies: while the left hemisphere is engaged in categorising an object as
social partner or not, the right hemisphere is specialised for individual recognition within the
social partner category (Vallortigara & Andrew, 1991; Vallortigara & Andrew, 1994).

In summary, our results suggest the intriguing hypothesis that a lateralized brain might have
an evolutionary advantage in that the processing and memorizing visual landmarks in the context of
route fidelity is mainly a property of the left eye/right hemisphere, while the right eye/left
hemisphere is engaged in parsing flying objects, like companions or potential predators. Indeed, the
partial segregation of such functions has been proposed to provide a selective advantage promoting
the evolution of brain asymmetries in birds and other species groups (Vallortigara & Rogers, 2005;

Rogers, Vallortigara & Andrew, 2013).
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616  Table 1. Number of tracks recorded for each bird and analyses conducted.

Group releases Individual releases  Clock-shift tests Analyses

Treat Birds Year Livorno Sterpaia Livorno Sterpaia Livorno Sterpaia Livorno Sterpaia

C 360 2013 6 7 1 1 inc 1 b, c b,c,d, e

C 393 2013 6 7 1 1 0 inc b,cC b,c,e

C 475 2013 2 3 1 1 1 inc d

C 479 2013 3 2 1 1 1 1 d d

C 480 2013 4 4 1 1 1 d d

C 488 2013 6 7 1 1 1 1 b, c,d c,de

C 497 2013 5 7 1 1 1 1 b, c, d b,c,d, e

C 509 2013 5 4 1 inc 1 1 b

C 528 2013 5 3 1 1 1 1 b,d d

C 530 2013 4 3 1 1 inc 1 d

C 369 2014 7 7 0 0 0 0 a,b,c a,b,c

C 674 2014 7 7 1 1 1 1 a,b,c,de ab,cde

C 869 2014 7 7 0 1 1 1 a,bce a,b,ce

C 873 2014 7 7 1 1 1 1 a,bce a,b,cde
LH 471 2013 6 7 1 1 inc 1 b, c b,c,d, e
LH 483 2013 6 6 1 1 0 inc ¢ C

LH 520 2013 7 7 1 1 1 1 b,c,d, e b,c,d, e
LH 523 2013 1 2 1 1 1 1 d d

LH 533 2013 6 7 1 1 1 1 b,c,d, e b,c,d, e
LH 364 2014 7 7 1 1 1 1 a,b,c,de ab,cde
LH 665 2014 7 1 1 1 inc ab,c,de abce
LH 868 2014 7 7 1 1 1 1 a,b,c,de ahb,cde
LH 882 2014 7 7 1 1 1 1 a,b,c,de abcde
LH 886 2014 7 7 1 1 1 1 a,b,c,d e ab,cde
LH 892 2014 7 7 1 1 1 1 a,b,c,de abcde
RH 411 2013 4 5 1 1 1 1 d, e d, e

RH 481 2013 6 7 1 1 1 1 b,c,d, e b,c,d, e
RH 501 2013 7 7 1 1 1 1 b,c,d, e b,c,d, e
RH 511 2013 5 3 1 1 1 1 d, e d

RH 372 2014 7 7 1 1 1 1 a,b,c,de ab,cde
RH 375 2014 7 7 1 1 inc inc ab,c a,bce
RH 393 2014 7 7 1 1 1 1 a,b,c,de ab,cde



RH 662 2014 7 7 1 1 1 1 a,b,c,de abcde
RH 863 2014 7 7 1 1 paired inc a,b,c a,b,c
RH 887 2014 7 7 1 1 1 1 a,b,cde abcde

617  Treat: experimental treatments (see Materials and methods for details); Birds: individual codes;
618  Year: year of the experiment; Group releases: number of tracks obtained during the group training
619 releases from Livorno and La Sterpaia; Individual training releases and Clock-shift tests: track
620  obtained (1), track not obtained (0), incomplete (inc), bird joined to another bird (paired); Analyses,
621 the codes indicate the analysis performed on the data relative to each subject as follows: a Pairing
622 index; b Kilometres flown beyond the latitude of the home loft; ¢ Spatial occupancy index; d
623  Percentage of fixes of the last training tracks over-flown under clock-shift; e Kilometres flown
624  outside the total familiar area. See materials and methods for further explanations.

625

626



627

628
629
630
631
632
633

Table 2. Virtual vanishing bearing distributions
Last training individual release

Clock-shift test

Release site  Treat N a r hc N a r hc

La Sterpaia C 14 213 0.86***  +0.81*** 13 150 0.83***  +0.60***
LH 11 227 0.83***  +0.70*** 11 144 0.81** +0.52**
RH 10 182 0.95*%**  4(0.93*** 10 100 0.68** -0.05

Livorno C 12 327 0.98***  +0.95*** 11 259 0.77*** +0.10
LH 11 354 0.94*%**  +0.92*** 11 265 0.64 +0.06
RH 10 301 0.82***  +0.62** 10 238 0.88*** -0.20

N, number of virtual vanishing bearing considered in the analysis; a, mean vector direction; r, mean
vector length; hc, homeward component hc = rcos(a-f), wheref is the home direction; asterisks in
the r and hc columns indicate the results of the Rayleigh and V-test respectively; *P < 0.05, **P <
0.01, ***P < 0.001. The V test has been performed considering the home direction as expected

direction
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Figure Legends

Figure 1. Box plots represent individual, median kilometres flown beyond a line crossing the home
site perpendicularly to the beeline between the release site and the home site (see Materials and
methods) until eventually reaching the home loft, during training flights. Boxes represent the

interquartile range (IQR) between first and third quartiles and the line inside represents the median.

Figure 2. Box plots representation of a) spatial occupancy index: ratios between the familiar area
and the minimal theoretical area that can be over-flown homing from each of the two release sites
during training; b) kilometres flown outside the familiar area in clock-shifted binocular condition.
Boxes represent the interquartile range (IQR) between first and third quartiles and the line inside
represents the median. Whiskers denote the lowest and highest values within 1.5 x IQR from the

first and third quartiles, respectively. Circles represent outliers beyond the whiskers.

Figure 3 Each symbol represents the individual percentage of fixes of the training corridor (defined
by the points distant less than 400 m from each fix of the last training tracks from Livorno and La

Sterpaia) that were over-flown during the tests under clock-shift in binocular condition.

Figure 4 Clock-shifted birds’ tracks included in the analysis plotted over their respective familiar
area (barred area). Black and grey lines represent the tracks recorded under clock-shift in the first
and second release, respectively. Livorno and La Sterpaia release sites are indicated with a triangle

and circle, respectively; home is indicated with a pentagon. Individual pigeon codes are reported.
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Figure 5 Individual initial deviations of clock-shifted track from the last training track. See

materials and methods for other explanations.

Figure A1 Mean Pairing Index of binocular control birds (C), birds processing visual inputs with
the left (LH) or the right (RH) hemisphere, at each release site. The total value computed averaging
the individual PI relative to both release sites is also given. Error bars indicate the standard

deviation.

Figure A2 Example of tracks showing the bias towards the open eye from both release sites. RH

birds, black line; LH, broken line.

Figure A3 Representative examples of tracks in the last part of the homing journey of RH pigeons
from La Sterpaia (upper panels) and LH pigeons from Livorno (lower panels). The red continuous
line indicates the perpendicular to the beeline between the release site and home, which is marked

with a red broken line.

Figure A4 Spatial occupancy area. Merged corridors over-flown from La Sterpaia (light grey) and
Livorno (dark grey) during the training flights subsequent to the first one from each site. See text
for further explanation. Livorno and La Sterpaia release sites are indicated with a triangle and

circle, respectively; home is indicated with a pentagon. Individual pigeon codes are reported.

Figure A5 Observed mean and median deviation from the home direction of birds released under
clock-shift at the two release sites every 500 meters from the release site. The mean deviation from
home of the same birds released in the last training release and the expected deviation are also
reported. Error bars represent standard errors. Negative and positive values of the ordinate axis

represent counter-clockwise and clockwise deflections, respectively.
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