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The olfactory navigation hypothesis proposed to explain homing pigeon navigation predicts 

that birds learn the association of wind directions and wind-borne odours at home, and once 

displaced, determine the home direction on the basis of local environmental odours at the 

release site. This hypothesis was proposed on the basis of two kinds of empirical 

observations: (i) pigeons develop navigational abilities only if exposed to winds at the home 

loft, (ii) anosmic pigeons displaced to unfamiliar sites are unable to home. Soon after the 

discovery of the role of olfaction in pigeon navigation about 50 years ago, olfactory 

navigation became a subject of hot scientific debate. Until the beginning of the GPS era, the 

large body of evidence in support of olfactory navigation in pigeons, swifts and starlings 

consisted mainly of vanishing bearings and homing performance data. The use of GPS, 

allowing the observation of the pigeons’ behaviour en route provided further compelling 

evidence of the role of olfactory cues in pigeon navigation. The development of wildlife 

telemetry in the past two decades produced strong evidence about the use of olfactory cues, 

also in navigation of some species of wild birds. Wild birds artificially displaced both during 
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migration, or during incubation showed impaired capacities to compensate displacements only 

if deprived of their sense of smell. Contrariwise, satellite telemetry failed to find any 

empirical validation for the existence of a navigational map based on magnetic cues in the 

tested species. In spite of the fact that the nature of the olfactory map in wild birds has not yet 

been elucidated, the development and miniaturisation of satellite technology will hopefully 

allow us in the near future to investigate in detail the features of the olfactory map found in 

some wild species, and to clarify the sensory basis of navigation in free-ranging small 

passerines. 
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HISTORY OF THE DISCOVERY OF THE ROLE OF OLFACTION IN PIGEON 

NAVIGATION 

In the early 1970s, the discovery of the role of olfaction in pigeons’ homing surprised scholars 

of avian navigation, and raised perhaps one of the fiercest debates in the field of animal 

behaviour. As often happens, this discovery was due to the intuition of a researcher, who 

looked afresh at the previously-reported evidence on the subject. This researcher was Floriano 

Papi, who guessed the possible involvement of olfaction in birds’ navigation by reading a 

study by Hans G. Wallraff on the role of the view of the horizon on the development of 

pigeons’ navigational abilities (Wallraff 1966, 1970). By comparing initial orientation of 

pigeons raised in different kinds of shielded aviaries, Wallraff discovered an unexpected role 

for atmospheric cues in the ontogenesis of the pigeons’ navigational map (Wallraff 1970). 

Pigeons raised in aviaries surrounded by glass screens, both allowing the view of the horizon 

and screening the wind flow inside the aviary, displayed impaired homeward orientation. By 

contrast, pigeons raised in aviaries surrounded by louvre screens, both preventing the view of 

the surroundings and allowing the exposure of the birds to the winds, oriented towards home. 

The conclusion of these studies, that an undefined atmospheric factor was involved in the 

development of pigeons’ navigational abilities, triggered Papi’s idea to test the role of 

olfaction in pigeon navigation. Pigeons whose olfactory nerves had been sectioned released at 

an unfamiliar location displayed a dramatic impairment at homing, significantly different to 

that of unimpaired sham controls (Papi et al. 1971). Taking into account that prerequisites for 

unimpaired navigation in pigeons seemed to be both the winds blowing at the home loft and 

an intact olfactory system, Papi proposed the so-called “olfactory navigation hypothesis” 

(Papi et al. 1972), explaining how birds could learn a map of distant areas without directly 

exploring them. The olfactory navigation hypothesis predicted that during a learning phase at 

home, pigeons are able to learn the directions of the prevailing winds together with olfactory 
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information carried by these winds, so to build up a sort of olfactory map of wide areas 

around the home loft. Once at the release site, pigeons are able to determine the direction of 

displacement by recognising the prevalent local odours and recalling the direction of the wind 

that carried those odours to the home area. In its original formulation the olfactory map 

proposed by Papi was a sort of mosaic map, as wide areas around the pigeons’ home were 

supposed to be characterised by specific and different odours. According to Papi’s view such 

a map could allow pigeons to navigate within relatively short distance (about one hundred 

kilometres). Only later, Wallraff proposed that the olfactory map was likely to be based on 

odour gradients allowing navigation over longer distances. In his view, the ratio of gradients 

of volatile organic compounds (VOCs) aligned in different directions could allow the birds to 

determine the direction of displacement. By testing homing pigeons at increasing distances 

from the loft, Wallraff found that their initial orientation performances in Germany were 

poorer at short distances from home, and more accurate at larger distances, within a range of 

300 km and even up to 700 km (Wallraff 1981). This is consistent with the view that at short 

distances from the loft the VOC distribution might be similar to that of the home area 

(Zannoni et al. 2020), and unlikely to provide accurate spatial information. The existence of 

fairly stable spatial gradients of VOCs was reported by Wallraff and Andreae (2000), who 

analysed samples of air collected at 96 sites regularly distributed within 200 km around an 

experimental pigeon loft near Würzburg (Germany). Subsequent simulation experiments 

showed that stable ratios of at least three VOCs distributed along different directions, rather 

than their absolute concentrations, are sufficient to provide virtual pigeons information on the 

direction of displacement. Interestingly, the level of homeward orientation of the virtual 

pigeons orienting on the basis of those VOC ratios was comparable to that experimentally 

observed (Wallraff 2000). 
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EXPERIMENTAL EVIDENCE FOR OLFACTORY NAVIGATION IN HOMING 

PIGEONS COLLECTED WITH TRADITIONAL METHODS, AND DEBATES ON 

PIGEON NAVIGATION 

Before the satellite tracking era, the most used method to study pigeon navigation was 

recording the direction at which a displaced pigeon vanished from the view of an observer 

using powerful binoculars (Matthews 1951). Therefore, vanishing bearing distributions 

represent the orientation of the birds at about 2 km from the release points. Beside their ability 

to navigate, pigeons’ initial orientation turned out to be potentially affected by a number of 

factors (Wallraff 2005), such as the previous experience of the birds, local features of the 

release site biasing the birds’ orientation, and the preferred compass direction (PCD) of the 

tested group of birds (Wallraff 1978; Ioalè 1995). In some cases, these factors might confound 

the interpretation of initial orientation data (Papi 1990; Wallraff 2005) for assessing the actual 

pigeons’ ability to navigate. However, the comparison between the homing performances of 

manipulated and unmanipulated pigeons provided unmistakable information: the disruption of 

navigational abilities following an experimental manipulation was evident if the pigeons were 

impaired at homing. Therefore, initial orientation data can be reliably interpreted while testing 

birds’ navigation only if considered together with their homing performances.  

Despite the lack of information on the route followed by pigeons to home or to get away from 

it, the contribution to the knowledge of pigeon navigation given by experiments performed 

with traditional methods was invaluable. The large body of both vanishing bearing and 

homing performance data collected over more than four decades for testing the role of 

olfactory cues in pigeon navigation contributed to the clarification of important features of the 

odour-based navigational mechanism (Wallraff 2005). 
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The navigational map is generally learned by pigeons within the first 3 months after fledging. 

With this respect, the specific role of the winds blowing within the home area in the 

ontogenesis of the navigational map of homing pigeons observed by Wallraff (1970) has also 

been confirmed by subsequent experiments: a total screening of the winds consistently 

produced an impairment in the development of navigational abilities of young birds 

(Gagliardo et al. 2001; Odetti et al. 2003). However, once the map has been learned, it is 

continuously updated. In fact, pigeons kept in an aviary provided with clockwise and counter-

clockwise wind deflectors displayed a consistent rotation in their initial orientation 

(Baldaccini et al. 1975; Fiaschi et al. 1981). In the same way pigeons subjected to inversion of 

the winds displayed an inverted initial orientation (Ioalè et al. 1978; Ioalè 1980). 

The importance of olfactory information picked up at the release site was stressed by the so-

called “false release site” experiments. In this kind of experiment, pigeons were displaced 

inside air-tight containers ventilated by purified air. A group of pigeons was transported to a 

false release site where the birds were exposed to environmental local air. Then, these birds 

were transported to the real release site in purified air condition and then released after nasal 

anaesthesia. These pigeons turned out to be fooled by the treatment, so that they oriented as if 

they were released at the false release site (Benvenuti & Wallraff 1985). 

Direct evidence that olfaction was specifically involved in pigeon navigation came from the 

consistent impaired homing performance of the anosmic birds when displaced to unfamiliar 

locations. Soon after the discovery of the role of olfaction in pigeon navigation, the first 

concern by Papi and his collaborators was to make sure that the impairment of the olfactory 

deprived pigeons was not due to a non-specific effect of the treatment. Two kinds of 

observations spoke against a non-specific effect of anosmia in producing impaired navigation. 

The first is that two groups of pigeons subjected to the same two manipulations, section of 
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one olfactory nerve and application of a plug to one nostril, produced different effects 

depending whether the section of the nerve was contra- or ipsi-lateral to the application of the 

plug (Papi et al. 1972). In the first case the birds were totally deprived of their sense of smell 

and their navigational performances were totally disrupted, while in the second case they 

could still use one nostril displaying more proficient homeward orientation and homing 

abilities than the birds released in total anosmia. Non-specific effects of anosmia were also 

disproved by unimpaired orientation and homing of anosmic pigeons displaced to familiar 

sites (Benvenuti et al. 1973), where birds were likely to rely on familiar visual cues for 

homing (Wallraff & Neumann 1989). However, the navigational role of familiar visual cues 

in homing pigeon was contested by some authors (Schmidt-Koenig 1979; Wiltschko 1991, 

1996; Wiltschko & Wiltschko 1998; Wiltschko et al. 2005) on the basis of the evidence that 

wearing frosted lenses did not prevent the pigeons from homing (Schmidt-Koenig & Walcott 

1978), and that clock-shifted pigeons released at familiar sites displayed a deflection in their 

initial orientation, as if the directional information offered by the familiar landscape were 

ignored (Füller et al. 1983; Luschi & Dall'Antonia 1993; Wiltschko et al. 2005). 

Despite the accumulation of evidence in favour of the role of olfactory cues in pigeon 

navigation, the plausibility and the existence of olfactory navigation has been subject of a hot 

debate for decades. It is worth noting that for the reasons mentioned above, the debate on 

olfactory navigation became somehow linked to the debate on whether familiar visual 

landmarks could provide navigational information to the pigeons (Wiltschko 1996). 

When it became clear that the navigational impairment of anosmic pigeons was a robust and 

reproducible effect, the detractors of olfactory navigation tried to find alternative explanations 

to the phenomenon other than the navigational role of olfactory cues. When the ophthalmic 

branch of the trigeminal nerve was hypothesised to be part of a magnetoreception system in 
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the birds’ upper beak (Fleissner et al. 2003), the olfactory navigation hypothesis was 

subjected to a new challenge. It was argued that the navigational impairment observed after 

olfactory manipulations was likely to be due to an accidental damage of the trigeminally 

mediated magnetoreceptor, involved in the supposed magnetic navigation in homing pigeons 

(Mora et al. 2004), although it was well known that no magnetic manipulation ever affected 

pigeons’ homing success (see Wallraff 2005 for references). Three experiments, however, 

ruled out the involvement of the ophthalmic branch of the trigeminal nerve in pigeon 

navigation and in the same time provided further support to olfactory navigation (Gagliardo et 

al. 2006, 2008, 2009). 

More recently, the specific role of olfactory cues in pigeon navigation was contested by the 

proponent of the so called “olfactory activation hypothesis” (Jorge et al. 2010). According to 

this hypothesis, anosmia has a disruptive effect on pigeon homing because the pigeons’ brain 

needs to be activated by olfactory cues for using a navigational mechanism based on cues 

other than odours (magnetic cues, infrasounds). In this view environmental local odours at the 

release site do not provide any spatial information, as even non-sense artificial odours are able 

to trigger a successful navigational response. This hypothesis was supported by vanishing 

bearings data showing that pigeons stimulated with artificial non-sense odours during 

transportation and at a false release site, and then released after nasal anaesthesia, oriented 

similarly to pigeons treated in the same way but exposed to environmental odours. Disrupted 

navigational performances were obtained following transportation in purified air 

transportation and anaesthesia of the olfactory mucosa before release. Further on, the 

“olfactory activation hypothesis” was contradicted by GPS-tracking data (see below). 

CONTRIBUTION OF GPS-TRACKING DATA TO DEBATED QUESTIONS ON 

OLFACTORY NAVIGATION IN HOMING PIGEONS 
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Before the GPS era started, several attempts to document pigeons’ flight paths beyond their 

vanishing directions were performed. Well before the discovery of the role of olfaction in 

navigation, Papi and Pardi followed pigeons released in the open sea using a ship's radar (Papi 

& Pardi 1968). The birds were provided with a radar target, consisting of a pyramidal frame 

covered with aluminium, hanging from the pigeon’s leg. Other studies employed radio-

tracking methods to extend the observation of the orientation beyond the vanishing points 

(Teyssèdre 1986; Bingman & Mench 1990), but the dream of recording the flight of the 

pigeons along their entire route could seldom be fulfilled, as at that time the only way to do 

this was to follow the pigeons with an airplane or helicopter (Griffin 1952a; Hitchcock 1952, 

1955; Michener & Walcott 1966; Schmidt-Koenig & Walcott 1978). In one of these cases, the 

tracks of pigeons exposed to deflected winds inside their aviaries were documented by 

following the pigeons with a helicopter (Fiaschi et al. 1981). This study provided a direct 

observation of the persistent deflection of the pigeons’ path, consistent to the exposure to 

deflected winds at home. Further attempts to study the behaviour of the pigeons en route 

during homing were performed after the development of a route recorder logger (Bramanti et 

al. 1988), which allowed a rough reconstruction of the path followed by a pigeon from its 

release point to home, through the recording of the compass directions maintained by the bird 

during its flight at a theoretical mean speed. This method was mainly employed to study how 

pigeons reacted to familiar geographical features beyond the release site. This primitive 

tracking method offered the first chance to document, although not precisely, the behaviour en 

route of anosmic pigeons. After having been exposed either to the release site air (control 

group) or to the air of a false release site located in the opposite direction from home with 

respect to the true release site, the birds were made temporarily anosmic prior release by 

spraying their olfactory mucosa with a local anaesthetic. The orientation of the initial part of 

the reconstructed tracks, when the anaesthetic was likely to be still effective, was consistent to 
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the pigeons’ reliance on local environmental odours prior release for determining the home 

direction (Dall'Antonia et al. 1999). 

The miniaturisation of the GPS loggers at the beginning of the 2000s offered the opportunity 

to observe and study the homing behaviour of pigeons from the release point up to their home. 

As the loggers needed to be recovered to download the birds’ tracks, they were particularly 

suitable for studying pigeon navigation over familiar areas (see Guilford & Biro 2014 for 

references). By contrast, for many years GPS-tracking methods were not applied to test 

olfactory navigation. The reason is easy to understand. As anosmic pigeons were unlikely to 

home from unfamiliar locations, the necessity to recover the logger to obtain positional data 

made GPS loggers unsuitable for documenting impaired navigation abilities. However, in 

2011 the first GPS tracking experiment reporting performances of birds made temporarily 

anosmic by nasal anaesthesia was reported (Gagliardo et al. 2011). Although GPS loggers 

were used, the devices emitted a signal that allowed their localisation to be remotely 

downloaded. Flying in a Cessna light aircraft, one of the co-authors, Martin Wikelski, 

localised and downloaded the tracks of birds unable to home. This experiment aimed at 

testing the role of olfactory stimuli in pigeon navigation. The question addressed was whether 

olfactory stimuli specifically provided spatial information, or had an activational role for the 

brain, as predicted by the olfactory activation hypothesis. The birds were kept in air-tight 

containers artificially ventilated, so to control the olfactory stimuli the birds were exposed to, 

both during transportation and at the release site. The container of one group of pigeons was 

ventilated with local environmental air, while the containers of the other two groups of birds 

were ventilated with air purified with a charcoal filter. Importantly, one of the two groups 

transported and kept in purified air also received olfactory stimulation with artificial odours. 

The pigeons belonging to the three experimental groups received anaesthesia of their 

olfactory mucosa prior to release so that their behaviour was attributable to the olfactory 
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stimuli experienced inside the air-tight container. If olfactory stimuli acted merely as 

“activators” also the group stimulated with artificial non-sense odours was expected to orient 

homeward, similarly to the birds stimulated with environmental odours. The analysis of the 

tracks recorded within 1 hr from release, when the anaesthesia was likely to be still effective, 

showed a dramatic impairment of the navigational performances of the pigeons stimulated 

with artificial odours. Consistent findings were reported in a recent similar experiment in 

which birds either exposed to local environmental odours or stimulated with artificial odours 

were made anosmic prior to release using a zinc-sulphate nasal washing that, inducing 

necrosis of the olfactory neurons, produces a longer lasting anosmia (Gagliardo et al. 2018). 

Again, olfactory stimulation with artificial non-sense odours was unable to produce 

homeward orientation in pigeons. Interestingly, most of these birds displayed disoriented 

pattern of movement, which is in open contradiction to an activational role of olfactory 

stimuli. By contrast, pigeons exposed to local environmental air inside the air-tight container 

before being made anosmic, were still able to orient homeward, although most of them were 

unable to reach home (Gagliardo et al. 2018). Tracking data have confirmed that pigeons rely 

on local environmental odours at the release site for determining the direction of 

displacement, and that for a successful homing, pigeons need to consult their olfactory map 

on their way (Gagliardo et al. 2016). Local environmental odours might encourage pigeons in 

pursuing in the direction assumed at the release site, or might determine an adjustment of their 

orientation (Gagliardo et al. 2018). 

The study of the use of familiar visual landmarks in homing pigeons grew with the use of 

GPS loggers, mainly thanks to Tim Guilford and collaborators, who critically contributed to 

the understanding of route fidelity in homing pigeons (Guilford & Biro 2014). Nevertheless, 

until recently no GPS tracking data on the navigational role of familiar visual landmarks in 

anosmic pigeons were available. As briefly mentioned above, the use by homing pigeons of a 
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familiar visual landmark-based map for navigation was questioned by some authors. 

Importantly, whether or not unimpaired homing performances of anosmic pigeons from 

familiar sites are due to the use of familiar visual cues has important implication for the 

debate on olfactory navigation (Wiltschko 1996; Walcott et al. 2018). The ability of anosmic 

pigeons to extract navigational information from a familiar landscape speaks against a non-

specific effect of anosmia treatment. Perhaps more importantly, the impaired and unimpaired 

homing abilities of anosmic pigeons released at unfamiliar and familiar locations, 

respectively, suggest that the multi-cue navigational system proposed to explain pigeon 

navigation (Walcott 1996; Walcott et al. 2018) is exclusively composed of olfactory and 

familiar visual landmarks (Gagliardo 2013).  

Recently, a GPS-tracking study showed that after one single release from a site pigeons are 

able to rely on previously over-flown landscape elements, and that olfactory deprived pigeons 

are more inclined to do so (Gagliardo et al. 2020). This study suggested that the availability of 

olfactory cues can affect navigational strategies adopted by pigeons. In comparison to their 

smelling companions, the anosmic birds were more likely to retrace the previously followed 

route (pilotage strategy) even if inefficient, rather than relying on a map and compass strategy 

that would lead them more directly home. 

OLFACTORY NAVIGATION FROM THE MODEL SPECIES TO WILD BIRDS 

Many birds display true navigation abilities, that is the ability to find their way to a goal 

starting from a unknown location (Griffin 1952b). Homing pigeons are a domestic breed 

selected by humans to home to their loft after artificial displacements. Wild species can be 

accidentally displaced by atmospheric events to unknown places, or, like seabirds during their 

wandering trips, they can find themselves in unknown areas void of landmarks. During 
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breeding, central place foragers need to find foraging areas and then home back efficiently to 

the nest. When a foraging bird is displaced its motivation is similar to that of a displaced 

homing pigeon: pinpointing its nest and homing. A bird unable to navigate is expected to 

show disoriented movements or to orient in an unpredictable direction different from the 

home direction. A different behaviour is expected in birds navigating after a displacement 

during migration. Migratory species need to accomplish long trips between breeding and 

wintering sites. When a migrating bird is displaced, it is expected to correct for displacement 

to reach either the migratory corridor, or the breeding or wintering site. Migrants on their first 

flight are supposed to use an innate vector navigation mechanism and are thus unable to 

correct for displacement (Perdeck 1958; Berthold 1991; but see Thorup et al. 2020), while 

experienced migrants, exposed to environmental clues and cues during their previous 

migratory trips, developed navigational abilities (Thorup et al. 2007). Which are the 

environmental cues used by wild species to navigate? 

In 2004, Hans G. Wallraff wrote “Which role does olfactory navigation play in the birds’ 

natural life? It is extremely unlikely that homing pigeons have a navigation mechanism that is 

unique among birds” (Wallraff 2004). As at that time only two experiments had suggested 

olfactory navigation in non-domesticated birds, Wallraff was visionarily anticipating what 

would be found by tracking studies in the following years in other species. In the two older 

experiments swifts (Apus apus), and starlings (Sturnus vulgaris) were artificially displaced 

during their incubation period, so that the birds were motivated to return to their nests. In 

swifts Fiaschi and co-workers (Fiaschi et al. 1974) applied a double treatment to the birds 

consisting of the sectioning of one olfactory nerve and the occlusion of one nostril: for control 

birds both treatments were ipsilateral, while for the experimental birds the plugged nostril was 

contralateral to the intact olfactory nerve. Fifteen out of 20 control birds and three out of 23 

experimental birds homed. Interestingly, these three experimental birds had lost their nose 
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plugs. Wallraff and collaborators (Wallraff et al. 1995) showed that starlings subjected to 

bilateral olfactory nerve section took longer to home when displaced at a distance of 30-60 

km, where the area was likely to be familiar to them. However, when displaced beyond 120 

km return rates of anosmic starlings were dramatically reduced. After these early studies, the 

possible involvement of olfaction in wild birds’ navigation was neglected for a long time. 

More recently, two other passerine birds have been tested during migration. In a first 

experiment, catbirds (Dumetella carolinensis) were followed by radiotracking for 

approximately 100 km, and authors highlighted, with sensory manipulation, the essential role 

of olfaction in adults’ migration. Displaced anosmic adult catbirds maintained the species-

specific inherited migratory direction similarly to the young catbirds at their first flight. This 

suggested that olfaction plays a role in adult catbirds’ navigation. Interestingly, magnetic 

manipulation did not affect the ability of adult catbirds to correct for displacement (Holland et 

al. 2009). Conversely, years later, Kishkinev and collaborators working on adults of Eurasian 

reed warblers (Acrocephalus scirpaceus), produced evidence supporting an opposing 

conclusion. Reed warblers, tested in Emlen’s funnels and virtually magnetically displaced, 

were shown to correct the displacement (Kishkinev et al. 2015), suggesting the use of 

magnetic cues for navigation. When tested in the field, with an actual displacement from their 

migratory route and sensory manipulation, both anosmic and control reed warblers 

compensated the artificial displacement (Kishkinev et al. 2020). The authors concluded that 

this species does not rely on olfactory cues for navigation. However, it must be considered 

that reed warblers were radio-tracked only for 3-5 km, which corresponds to an initial 

orientation decision. From homing pigeon experiments, we know that initial orientation 

decision does not always reflect navigational abilities of displaced birds, and that for this 

reason the analysis of their homing success is required to infer robust conclusions. Since the 

homing success of migrating birds can only be assessed by tracking them until they reach 
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their migratory corridor or their final destination, initial orientation at a short distance from 

the release site loses most of its predictive power. In a similar experiment, also based only on 

initial decision at a short distance from the release site, white-throated sparrows (Zonotrichia 

albicollis) seemed unable to compensate for displacement regardless of the sensory 

manipulation to which they were subjected (Kishkinev et al. 2016). In our opinion, birds 

might be initially attracted by some landscape features, and take the definitive orientation at 

further distance from the release site, as for instance was observed in experimentally 

displaced gulls (Wikelski et al. 2015). Even if this reasoning can also be applied for the 

experiment on catbirds (Holland et al. 2009), it should be considered that catbirds were 

tracked up to 100 km, well beyond their initial bearings. For this reason, the catbird 

experiment provided at least a hint for the use of olfaction in navigation, while the results on 

reed warblers and white-throated sparrows were essentially inconclusive (Kishkinev et al. 

2016). 

To date, field investigations on free-ranging small passerines were limited to radio-tracking, 

because of the size and weight of satellite telemetry devices. Awaiting the development of 

new lightweight tools in this field to clarify the sensory basis of navigation in passerines 

(Guilford et al. 2011), larger migrants have been tested during migration. Lesser black-backed 

gulls, (Larus fuscus fuscus) nesting in Finland and Russia and migrating from breeding sites 

to the Nile Delta and to Lake Victoria in sub-Saharan Africa, were subjected to sensory 

manipulation in order to test the role of olfactory and magnetic cues in their ability to 

compensate for displacement. To test the role of olfactory cues a group of birds had their 

olfactory nerves sectioned, while to test the role of magnetic cues a group of birds was 

subjected to section of the ophthalmic branch of their trigeminal nerve. Although both the 

involvement of the trigeminal system in pigeon navigation was disproved by displacement 

experiments (Gagliardo et al. 2006, 2008, 2009) and the existence of a magnetic receptor in 



16 
 

the pigeon upper beak was challenged by an accurate histological study (Treiber et al. 2012), 

the involvement of the ophthalmic branch of the trigeminal nerve in migratory species 

navigation found support in cage orientation studies (Kishkinev et al. 2013). 

Sensory manipulated lesser black backed gulls and control gulls were displaced and tracked 

before the beginning of their migration from their breeding grounds, central Finland and 

White Sea area in Russia, to Helgoland (1250 km SW) and Kazan (1301 km SE), 

respectively. Authors also equipped with GPS non-displaced birds from the two breeding 

sites, to obtain information about the migratory corridors of the two populations of lesser 

blacked back gulls. Whether or not the ophthalmic branch of the trigeminal nerve carries 

magnetic information to the brain is still controversial (Treiber et al. 2012; Kishkinev et al. 

2013). However, the gulls subjected to trigeminal section were able to compensate for 

displacement, as well as the intact control birds, suggesting that the trigeminal system is not 

involved in lesser black backed gulls’ navigation. By contrast, birds subjected to olfactory 

nerve section showed different behaviour according to the population tested. Anosmic birds 

displaced from Finland to Helgoland were impaired in approaching their migratory corridor 

while anosmic birds displaced from Russia to Kazan were able to correct for displacement. 

Interestingly, observing natural migrating corridors obtained from non-displaced birds, the 

Kazan area turned out to be within the natural migratory route of the Russian population of 

lesser black-backed gulls (Wikelski et al. 2015). Therefore, lesser black-backed gulls seemed 

to be able to correct for displacement by using olfactory cues over unfamiliar areas and by 

using familiar visual cues within previously experienced areas (Wikelski et al. 2015). 

Among wild birds the development of satellite telemetry brought compelling evidence of 

olfactory navigation in seabirds, particularly in petrels. With his foresight this was also 

predicted by Wallraff when he wrote about olfactory navigation: “Procellariiform seabirds 
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(albatrosses, petrels) would be of particular interest for several reasons” (Wallraff 2004). 

During the breeding period, pelagic seabirds are forced to commute between their breeding 

colony and distant foraging grounds. Like migrating birds, they are able to travel large 

distances, and very old homing experiments early suggested the navigational abilities of some 

species (Griffin 1940; Matthews 1953, 1964; Kenyon & Rice 1958; Billings 1968). To 

accomplish their astonishing flights, seabirds should dispose of navigation capacities similar 

to those of migrants, and present the particular interesting example of animals that are 

challenged by navigation in an apparently featureless environment (Bonadonna et al. 2003a). 

Individuals travel over vast stretches of open ocean without landmarks, and in areas where 

several magnetic parameters are not suitable for a magnetic navigational map (Åkesson & 

Alerstam 1998; Boström et al. 2012). 

It is widely believed that birds use the Earth’s magnetic field to navigate, especially in open 

sea. Therefore, quite early, specific experiments to test the existence of a magnetic-based 

navigation system were performed by interfering with the perception of the magnetic field, a 

technique suggested by Keeton (1971). Scopoli’s shearwaters (Calonectris diomedea) 

carrying magnets on both wings and head and released 160-900 km away from their 

Mediterranean breeding colony homed with the same success as the control birds (Massa et al. 

1991). In oceans, displaced white-chinned petrels (Procellaria aequinoctialis) with mobile 

magnets on their heads, and equipped with satellite transmitters, homed almost in a straight 

line from 300 km (Benhamou et al. 2003). Similarly, magnet-carrying black-browed 

albatrosses, Diomedea melanophris, wandering albatrosses, Diomedea exulans, and waved 

albatrosses, Phoebastria irrorata, during spontaneous foraging trips followed by satellite 

telemetry, showed no differences in trip duration or mass gain suggesting that magnetic 

information is not necessary for navigation (Bonadonna et al. 2003b, 2005; Mouritsen et al. 

2003). A recent correlational study on Manx’s shearwaters (Puffinus puffinus) suggested the 
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existence of magnetic imprinting on the natal site’s magnetic inclination, used by birds to 

choose their breeding colony at their first breeding attempt (Wynn et al. 2020). Rightly, 

authors suggested that experimental tests are needed to verify the results of this correlational 

study. Indeed, if Manx’s shearwaters are able to determine the latitude of the colony location 

one should expect anosmic individuals displaced in open ocean to be unimpaired in returning 

at least to the same latitude of the breeding colony. It is worth considering that anosmic 

shearwaters of close species (Cory’s and Scopoli’s shearwaters) turned out to be unable to do 

so (Gagliardo et al. 2013; Pollonara et al. 2015). 

Strong expectations about the use of the olfactory navigation by wild birds was, and still is, 

fed by experiments suggesting the importance of olfactory cues in oceanic foraging trips in 

penguins and petrels. The idea of foraging areas having a characteristic smell, leading petrel 

seabirds to them, was firstly formulated by Grubb (1972). Several successive studies, floating 

food odours on the sea surface and counting species approaching the odour source, confirmed 

that some petrel species are attracted by these cues that seem to help these seabirds in 

orientation towards the feeding areas (review in Roper 1999). Modelling studies on foraging 

tracks of shearwaters (Cory’s shearwaters, Scopoli’s shearwaters, and Cape Verde 

shearwaters, C. edwardsii) also suggested that their flight pattern is compatible with olfactory 

guidance (Reynolds et al. 2015; Abolaffio et al. 2018). 

More, some non-food odours, such as dimethyl sulphide (DMS), but only related to food, are 

highly attractive for some species (Nevitt et al. 1995; Nevitt & Bonadonna 2005; Dell'Ariccia 

et al. 2014). Still, this behaviour is not limited to petrel species, but also seems to concern 

penguins and seagulls (Culik et al. 2000; Wright et al. 2011; Cunningham et al. 2017; 

Bouchard et al. 2019). Despite these experiments are not related to olfactory navigation, they 

show the critical relevance of olfaction in seabirds’ biology. 
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The first preliminary attempts of actual homing experiments to test olfactory orientation in 

seabirds were performed with short-range releases. Although these experiments were not 

intended to study navigation, but primarily nest pinpointing in conditions where sight or 

hearing could not be used, they corroborated the idea of an olfactory orientation mechanism in 

these seabirds. On the whole, birds made anosmic employing various techniques were not 

able to home to their burrow nest from 100-200 m distance (Benvenuti et al. 1993; 

Bonadonna et al. 2001; Bonadonna & Bretagnolle 2002). However, when birds had access to 

cues alternative to olfactory ones (i.e. familiar visual landmarks), they displayed unimpaired 

homing ability (Dell'Ariccia & Bonadonna 2013). 

Yet again, satellite telemetry eventually allowed long distance displacements for the 

simultaneously testing of olfactory and magnetic mechanisms of navigation in petrels. Cory’s 

shearwaters (Calonectris borealis), breeding in the Azores, were subjected to sensory 

manipulation and translocated 800 km east from their colony in the middle of the Atlantic 

Ocean. The tracks of the displaced shearwaters gave no room for doubt. The shearwaters 

carrying a strong mobile neodymium magnet on their head displayed linear homing path 

straight to the colony, similar to those of unmanipulated control birds, while the birds made 

anosmic with zinc sulphate nasal washing displayed long and tortuous path searching for the 

goal, without being able to reach it in most of the cases (Gagliardo et al. 2013). These results 

clearly showed that, while geomagnetic information is neither sufficient nor necessary for 

shearwater navigation in open ocean, olfactory cues are needed to find the breeding island. It 

is worth highlighting that olfactory navigation is also adopted by the twin species Scopoli’s 

shearwater (Calonectris diomedea), to navigate in a relatively small (for their flight 

capacities) close sea, such as Mediterranean Sea. After displacement in open sea, away from 

the view of the coast, Scopoli’s shearwaters with an intact sense of smell oriented homeward, 

while anosmic birds oriented away from home. Interestingly, the anosmic Scopoli’s 
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shearwaters were able to head home only after having approached the coastline (Pollonara et 

al. 2015), suggesting that similarly to homing pigeons, petrels can exploit familiar visual 

landmarks for finding their way home.  

Zinc-sulphate nasal washing at the concentrations used in navigational experiments induces a 

degeneration of olfactory neurons, without destroying basal cells that, after several weeks, are 

able to regenerate the olfactory mucosa (Cancalon 1982; Benvenuti et al. 1992; Guilford et al. 

1998). Due to the importance of olfaction in petrels’ biology it is worth discussing the 

question of whether the anosmia treatment produced specific navigational impairments or 

impacted shearwaters’ motivation to home and behaviours such as foraging and incubation. 

Experimental evidence excluded non-specific effects of zinc sulphate-induced anosmia on 

shearwaters behaviour other than navigation (Dell'Ariccia & Bonadonna 2013; Pollonara et al. 

2015; Padget et al. 2017). The study conducted by Padget and collaborators is particularly 

relevant in supporting a specific effect of anosmia in shearwaters’ navigation (Padget et al. 

2017). Spontaneous foraging trips of GPS-tracked Scopoli’s shearwaters subjected to zinc-

sulphate nasal washing showed that anosmia treatment did not have any impact on the birds’ 

biology. Anosmic shearwaters were similar to smelling birds in terms of gain of body mass, 

schedule of foraging trips and motivation to home and incubate. Importantly, their orientation 

during the outbound trips from their colony in Minorca up to the Catalonian coast was not 

affected by the anosmia treatment. Interestingly, only the navigational strategy adopted during 

the birds’ homing trip turned out to depend on their ability to smell. While smelling birds 

pinpointed the colony from the beginning of their journey, the anosmic birds generically 

oriented towards the Mallorca Archipelago and found their colony flying along the coast.  

Altogether, the results on wild birds support the suggestion of Wallraff (2004), that olfactory 

navigation is a phenomenon not restricted to homing pigeons. Homing pigeons are domestic 
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birds artificially selected by humans from the wild species rock dove (Columba livia) since 

ancient Egyptian times (Levi 1965). Whatever selection mechanism (natural or artificial) does 

not create a trait, but advantages existing traits with a frequency-dependent mechanism: the 

more individuals with a given trait survive and reproduce, the more the trait spreads in the 

population. It is unlikely that selection created the “olfactory navigation” trait in homing 

pigeons. It is more probable that the trait exists in different bird species, and in the rock dove 

this has been artificially selected and reinforced for human purposes. It is therefore plausible 

that olfactory navigation may be a widespread phenomenon in birds.  

WHICH KIND OF OLFACTORY-BASED MAP MIGHT BE PRESENT IN WILD BIRDS? 

After the discovery of the existence of an olfaction-mediated navigational mechanism, many 

experiments on homing pigeons contributed to outline the major features of the olfactory map, 

concerning both its ontogeny and use. The ontogeny of the olfactory map is based on learning 

the association of wind directions and windborne odours. An important feature of this map is 

that pigeons determine the home direction on the basis of local olfactory information at the 

release site. In fact, differently from an animal following an odour plume, once the home 

direction has been determined, pigeons assume and maintain a compass direction for several 

kilometres without continuously correcting the path followed. However, pigeons are able to 

adjust their homing flight course reorienting from time to time (Gagliardo et al. 2016, 2018). 

In wild birds, beyond the impaired navigation capacities in anosmic birds, we do not know 

how and when the map is learned, and which factors are involved in the learning process.  

To date, the most compelling evidence for olfactory navigation during migration in birds 

comes from the displacement experiment on lesser black-backed gulls. In this case, two non-

mutually exclusive hypotheses can be advocated. Along migratory journeys birds recover at 
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stopover sites (Berthold & Gwinner 2002). During their permanence in these sites, birds 

might learn the patterns of the wind and associate them with windborne odours as well as 

homing pigeons do at the loft site. However, Safi and collaborators (Safi et al. 2016) 

advanced the hypothesis that correction for displacement in lesser black-backed gulls might 

be eased by an odour plume originating from the migration corridor. This hypothesis is 

corroborated by the fact that seabirds are able to approach an experimental odorous patch at 

sea flying upwind (Nevitt et al. 1995; Dell'Ariccia et al. 2014; Bouchard et al. 2019). The use 

of an odour plume is not navigation in strict sense, but a taxis that might integrate a 

navigational map mechanism in birds. 

In pelagic seabirds one can also hypothesise two non-mutually exclusive mechanisms to 

acquire the olfactory navigation. One would be similar to that found in homing pigeons: once 

fledged, they remain in the surroundings of the natal area and learn to associate wind 

directions and windborne odours originating from distant areas. The other one would be the 

development of an olfactory landscape, learned by direct experience. During their wandering 

over the oceans, birds might learn the spatial distributions of olfactory patches and gradients 

originating from islands, coasts, waterfronts, sea-mountains, areas rich in plankton, so to build 

an olfactory topography. According to the characteristic behaviour of the fledgling of a given 

species (i.e. whether the bird remains in the surrounding of the breeding island for several 

weeks, or flies immediately away from it), one or the other mechanism might be likely. 

The difficulty of developing experimental protocols in wild species has strongly limited the 

possible studies into the mechanisms by which birds navigate. However, implementation of 

satellite telemetry in the past two decades allowed new experiments in support of olfactory 

navigation both in homing pigeons and wild birds to be performed (Gagliardo et al. 2011, 

2013, 2016, 2018; Pollonara et al. 2015; Wikelski et al. 2015; Padget et al. 2017). GPS 
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loggers confirmed in the model species the findings obtained with traditional methods and 

added new evidence; in wild birds GPS and Argos transmitters showed that olfactory 

navigation definitely exists in some species. Satellite telemetry also failed to find any 

validation for magnetic navigation. Unfortunately, the present size of the devices means that 

they are not yet suitable for small passerines, and we demonstrably lack for satellite tracking 

evidence in those species. We hope that miniaturisation and improvement in the efficiency of 

tracking devices will soon allow the study of the sensory basis of navigation in small 

passerines, widening our knowledge of these extraordinary migrants.  
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