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Summary. Many bird species rely on an osmotactic mechanism to find food sources even at a considerable distance. 
Pigeons also rely on local odours for homeward orientation, and they integrate those perceived during passive 
transportation with those at the release site. It is possible to design experiments in which birds are given false olfactory 
information, and predictions about the effects of this can be made and tested. Pigeons build up their olfactory map 
by associating wind-borne odours with the directions from which they come; this was shown by experiments which 
aimed at preventing, limiting or altering this association. Some objections have been made to this conclusion; namely 
that even anosmic pigeons are sometimes homeward oriented, that they may be demotivated in flying or disturbed 
in their general behaviour, and that olfactory cues may be only one component of pigeon's navigational repertoire. 
The most recent experiments, however, confirm that pigeons derive directional information from atmospheric odonrs. 
The lack of any knowledge about the chemical nature and distribution of the odorants which allow pigeons to 
navigate hinders progress in this area of research. 
Key words. Bird olfaction; orientation; navigation; homing pigeon. 

Introduction 

Until the 1950s, observations on bird behaviour in re- 
sponse to olfactory stimuli yielded conflicting results. 
Many zoologists considered the olfactory ability of birds 
to be very low and the question sometimes arose whether 
their olfactory apparatus had a different function from 
that of sensing odours. The opinion that birds have no 
olfactory ability was widely held in the 1940 s, when an 
authoritative paper 120 reported the results of a series of 
physiological and behavioural tests performed on several 
species, which were found by the author to be insensitive 
to odours. More recently, however, a re-evaluation of the 
olfactory ability and the role of  olfaction in a bird's life 
has been prompted by anatomical, physiological and be- 
havioural evidence 1o. 
Anatomical studies have shown that the relative size of 
the olfactory bulbs, as measured by the ratio between the 
olfactory bulb diameter and that of the cerebral hemi- 
sphere, expressed as a percentage, varies between 3 % 
and 37% 9; this is an indication of differences in the 
importance of olfactory perception in different species. 
Electrophysiological recordings from the olfactory mem- 
brane, nerves, bulbs or associated single units showed 
clear responses to odorants according to intensity and 
quality of stimuli 62'85' 93, 127. Spontaneous visceral re- 
sponses to odours, including respiration and heart rate 

changes, which can be strengthened by pairing the stimu- 
lus with an electric shock, have been successfully used to 
test olfactory sensitivity 84, 98,121, ~z3 
A rather long series of both classical and operant condi- 
tioning experiments indicating that birds are poor at as- 
sociating odours with other stimuli 22,12o lent support to 
the idea that traditional conditioning methods were quite 
ineffective in demonstrating the sensitivity of birds to 
odours. A conditioned suppression method - although it 
was time-consuming - was eventually set up and success- 
fully used 34' 86, 87, 91. More recently, however, simple 
conditioning methods were also reported to yield positive 
results 28, 41.46. 

The olfactory sensitivity threshold was determined for a 
few species by using a small number of compounds, 
whose odour probably has little, if any, biological rele- 
vance for the birds tested 88'89'91'9s. Many values lie 
between 10 -5 and 10 -7 M, and they are seldom as low 
as 10-9. However, the threshold for certain substances 
of biological relevance might be much lower. In fact, 
even species with poorly developed olfactory bulbs may 
be specialized for sensing some compounds, whereas a 
large olfactory membrane tends to indicate a high capac- 
ity for discrimination between odours 2. 
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Use of odours in the life of birds 

Little is known about the use that birds make of  their 
sense of smell. Besides the olfactory orientation phenom- 
ena reported in later sections, a small number of  other 
odour-dependent behaviour patterns have been reported 
or suspected. Odours arising from the secretion of the 
uropygial gland are thought to act as a pheromone in the 
rook and in the mallard 8, 4s, 52 while the stomach oil of 
procellarids might be an olfactory mark aI' 84. Young 
geese react to odours from certain plants by head-shak- 
ing 134, while starlings select some plants with insecticidal 
and anti-pathogenic properties on the basis of their smell, 
and incorporate them in the nest material 18.19. 

Orientation towards odour sources 

A series of species, including the brown kiwi, corvids, 
honeyguides and procellarids is known to use the sense of 
smell to select or find food 10, 9s. The probable mecha- 
nisms involved in food finding are upwind orientation on 
perceiving an attractive smell or, in still air, orientation 
according to a gradient. 
Some cases are worth mentioning, as they involve rather 
long, oriented flights. Honeyguides are attracted by the 
odour of  lighted candles 90; they probably find beehives 
by smell. When the greater honeyguide (Indicator indica- 
tor)shows the direction of a hive to man, the distance of 
the target can be deduced from its behaviour ~a. About a 
dozen procellarid species were found to be attracted by 
smells while flying over the sea. Sponges soaked with cod 
liver oil (or a volatile extract from it) were approached by 
birds flying upwind, whereas unscented sponges were 
disregarded 30, 36, 37, 47 

An interesting case of homing guided by olfactory cues 
has been investigated in leach's petrel 31. The birds return 
to their burrows, which are hidden by a thick canopy, 
landing downwind and then walking upwind. In a Y- 
maze, birds significantly prefer an air current coming 
from their own nest material. Further evidence of olfac- 
tory orientation comes from experiments with anosmic 
birds which were unable to home. 

Olfactory navigation without sensory contact with the goal 

Homing ability from unfamiliar sites after passive dis- 
placement has been reported for many bird spe- 
cies i, 63, 6,t. but the investigation of navigational mecha- 
nism(s) has been almost entirely carried out on the 
homing pigeon. This is one of the many pigeon breeds 
produced by artificial selection from the wild ancestor, 
Columba livia. In comparison with the ancestor and with 
other breeds, the homing pigeon shows a greater motiva- 
tion to home 3. Independently of body size, homing pi- 
geons have larger brains than fantails and strassers 32, 
but the relative size of their olfactory bulbs with respect 
to the cerebral hemispheres ('olfactory ratio') does not 

significantly differ from that of strassers and fantails 65. 

With an olfactory ratio of 18 % the pigeon has olfactory 
bulbs which are of  medium size in comparison with those 
of other birds. 
In a homing experiment, pigeons are released one by one. 
By recording the direction in which each pigeon disap- 
pears from the visual field of the observer's binoculars, a 
vanishing diagram can be obtained, and this allows one 
to infer whether the initial orientation is randomly deter- 
mined, or oriented towards home or some other point. 
Homing speed and homing success (the ratio of birds that 
home) are two further important parameters in homing 
behaviour. Intact birds that are transported by a van to 
a release site usually have an initial orientation towards 
home. In some regions, however, the initial orientation 
often fails to reveal a homeward tendency; under over- 
cast skies the vanishing points usually show a much wider 
scatter. 
Initial orientation often turns out to be the resultant 
between two tendencies that of  flying towards home 
and that of flying in a fixed compass direction. The latter 
is called 'preferred compass direction' (PCD), and it is 
peculiar to each loft 106. It seems tobe  determined by the 
direction of the prevailing wind in the loft area (Ioal6, 
unpublished observations). Some authors do not accept 
the concept of a PCD and attribute deviations from the 
homeward direction to release site biases 128,129 
Series of investigations that began early in the 1970s 
ascertained that the initial bearings of clock-shifted pi- 
geons, when these were released in sunny conditions, 
were deflected with respect to controls sl, s2, as would be 
expected in animals that use a time-compensated sun 
compass. It was also observed that orientation in over- 
cast conditions was not influenced by the clock shift but 
was disturbed by the application of magnets 48' 49. As a 
result it was generally accepted that, in some unknown 
way, pigeons discover the home direction, and then 
adopt that direction using a solar or magnetic compass 
(Kramer's map-and-compass concept 59). 
Many hypotheses have been put forward as to how pi- 
geons determine the home direction, but none of them 
have been verified experimentally. The involvement of 
olfactory cues in the homing process was eventually 
shown by Papi and co-workers 6v- 69, 71, 72 and repeated- 
ly confirmed by Wallraff 1~ 105,107,108. The main find- 

ings and ideas of Papi's and Wallrafl% teams are reported 
in subsections 1-4,  while the objections to their conclu- 
sions are discussed in subsection 5, which includes the 
most recent results. 

1. Olfactory navigation in the pigeon 
Many release experiments have been performed to test 
the homing behaviour of pigeons made anosmic by a 
variety of  methods. The safest way is that of sectioning 
both olfactory nerves, but an almost complete, though 
transitory, anosmia can be obtained in a simple way by 
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spraying a local anaesthetic (Lidocain) through the nos- 
trils. To minimize differences with respect to controls, 
one can sever one nerve in controls and in experimentals, 
and then plug the controlateral nostril in the experimen- 
tals, and the ipsilateral one in the controls. Finally, the 
insertion of thin plastic tubes into the nasal passages, 
which prevent air from reaching the nasal mucosae, pro- 
duces anosmia without surgical or pharmacological in- 
tervention 69,105,110. During transportation to the re- 
lease site, one can prevent pigeons from perceiving 
odours in the natural environment by enclosing them in 
containers ventilated with pure or filtered air. Transpor- 
tation during which both nostrils are plugged does not 
guarantee complete anosmia 110. 
Homing ability from unfamiliar sites was heavily im- 
paired by all these methods in terms both of initial orien- 
tation and homing success. In inexperienced pigeons with 
severed olfactory nerves, homing success decreases with 
increasing distance from the loft, and almost all birds are 
lost at release sites at a distance of more than 50 km 
(fig. 1). The distribution of the recovery sites shows that 
anosmic pigeons often fly over very long distances but 
are unable to approach home 109 
As shown by the deflecting effect of the clock 
shift 23, 27, 29, pigeons, if able to smell, use their olfactory 
map-and-compass mechanism even from familiar sites. 
However, the birds' behaviour indicates some additional 
reference to familiar site information 16. In repeated re- 
leases from the same site, the deflection produced by 
clock-shift progressively decreases 23. When made anos- 
mic, pigeons still steer homeward, and they home from 
familiar sites 13, 33, 7s, as familiar-site information alone 
is sufficient to guide birds. In this situation (familiar site 
plus anosmia), the sun compass mechanism is no longer 
used and clock shift has a merely marginal effect, result- 
ing in an increased scattering of bearings 16. 
Pigeons take into account the olfactory information 
picked up both at the release site and during the outward 
journey 69,119. I f  access to outside odours or to all smells 
is prevented during transportation, there is a heavy fall in 
homeward directedness in birds that have been released 
a few minutes or hours after they have started to smell 
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Figure 1. Percentage of pigeons which homed from different distances. 
Solid bars refer to control birds (C), open bars to anosmic birds (E); the 
number of birds released is given. All the birds belonged to the same loft 
and were homing-inexperienced. Source: data from Wallraff 1~ 
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Figure 2. Vanishing diagrams of homing pigeons released: A without any 
limitation on the perception of atmospheric odours; B transported nor- 
mally, but made anosmic a few minutes before release; C transported 
without access to atmospheric odours but released after being allowed to 
smell at the release site, and D prevented from smelling atmospheric 
odours during transportation and at the release site. The length of the 
bars at the periphery of the circle is proportional to the number of pigeons 
that vanished in the corresponding 5-degree sector. The inner arrow 
indicates the mean vector; its length decreases as the scattering of the 
bearing increases. It would be 1 if it were equal to the radius of the circle. 
Source: data from Wallraff et al. 112. 

natural odours again 6' 112. However, the results of re- 
leases made the day after transportation indicate that a 
longer stay at the release site compensates for the lack of 
olfactory information en route, as if olfactory informa- 
tion at a specific site were not fully available at any one 
time 102,115. I f  initial orientation is compared in groups 
of pigeons: a) transported and released without any lim- 
itation on the perception of odours, b) transported with- 
out such limitations, but made anosmic by local anaes- 
thesia a few minutes before release, c) transported 
anosmically and released after being allowed to smell at 
the release site, and d) prevented from perceiving odours 
during transportation and at the release site, there turns 
out to be a progressive deterioration in initial orientation 
(fig. 2). 
By combining anosmic transport and local anaesthesia, 
differences between controls and experimentals can be 
minimized, and it can be shown that in itself the anaes- 
thesia does not disturb orientation. In these studies pi- 
geons are transported in closed containers which are ven- 
tilated with filtered air for experimentals, and with 
non-filtered air for controls, and then both groups are 
released after the anaesthesia of the olfactory mem- 
branes. The controls are homeward oriented, unlike the 
experimentals, which are randomly oriented x l Z. 114 
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2. Detour and site simulation experiments 
Of course, pigeons do not rely on smells originating in the 
loft area in order to fly home, but on local odours, from 
which they derive information about their position with 
respect to their loft. This is shown by detour and site 
simulation experiments. 
In a detour experiment, two groups of pigeons are carried 
to the same release site by two different routes, which are 
strongly divergent in the first leg. In most cases the two 
groups have a different initial orientation, each showing 
the tendency not to fly simply on the basis of the position 
of the release site, but according to a compromise be- 
tween its position and that of the sites crossed during the 
outward journey 7o, 76, vT. 

Site simulation experiments were performed by allowing 
pigeons to smell atmospheric odours at only one site, at 
a distance of 15-55 km from the loft and located in the 
opposite direction from that of the release site. Birds 
were prevented from perceiving odours from outside and 
had their olfactory mucosae anaesthetized before re- 
lease as, 56. The pigeons oriented according to the posi- 
tion of the site where they had had access to atmospheric 
odours and not according to the position of the true 
release site. In another series of experiments, pigeons did 
not orientate according to the position of the site where 
they had smelled atmospheric odours, but were disorient- 
ed 57 Since the releases were carried out only 11-15 km 
from the loft, the olfactory information probably con- 
flicted with information provided by familiar landmarks. 

3. The olfactory map and its acquisition 
The range of olfactory navigation is limited. At a very 
great distance from the loft, local odours no longer con- 
vey useful information, and pigeons are disoriented un- 
less they can rely on odours during the first part of the 
outward journey in identifying the direction in which 
they are being displaced. For pigeons from Florence 
anosmically transported north of the Alps, the boundary 
appeared to lie between 500 and 700 km 43,118, but pi- 
geons from the Munich area were still able to steer in the 
home direction from a point 709 km north of the loft lo4. 
Thus, it has been shown that pigeons possess an olfactory 
map whose range is probably seasonally and geographi- 
cally variable. 
Since each pigeon possesses a map centred on its loft, the 
map itself must be regarded as the outcome of individual 
experience. However, previous homing experience is not 
necessary, and pigeons are able to navigate even if they 
have always been kept in an aviary 6~ 61, 99,100. Under 
such constraints, from what kind of experience do pi- 
geons derive their olfactory map? 
We have suggested that young pigeons, in their loft, build 
up their map by associating wind-borne odours with the 
direction from which they come 72. I f  so, pigeons released 
far from the loft can determine the home direction, pro- 
vided that the prevailing odour at the release site has 
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already been sensed at the loft as one of the odours 
brought by the wind. The home direction is opposite to 
the one from which that particular odour was usually 
perceived in the loft. 
It may be noted that, at the moment when orientation 
occurs at the release site, there is no need for a wind to 
be blowing; this would, in fact, be a disturbance, because 
it would bear odours from other areas. It is interesting to 
note that a navigation mechanism based on an olfactory 
map has been hypothesized by Baker 4 without reference 
to any specific animal, and without knowing the mecha- 
nism described by us. Baker's model also supposes that 
the olfactory map is acquired on the basis of odours 
carried by winds to an animal's usual home, whereas a 
direction-fixing towards home from distant sites would 
only be possible when a wind is blowing. 
Our idea is consistent with the results of a long series of 
previous experiments in which pigeons were kept all the 
time in aviaries shielded in different ways 6o, 61, 99. When 
the shields prevented the flow of air currents, pigeons 
were unable to home and it was eventually concluded 
that oriented dynamic processes in the atmosphere were 
involved in navigation 1o0. After the discovery of the 
effect of anosmia on homing, new experiments were per- 
formed with pigeons kept in screened lofts, or exposed to 
winds with their nostrils plugged. The results showed 
that exposure to winds with open nostrils is a prerequisite 
for the acquisition of homing ability 73. 
Further experiments aimed at testing how pigeons build 
up their map, by using special cages. When the loft is only 
open to winds from two quadrants (fig. 3 A), the pigeons 
are homeward oriented, provided that releases are from 
directions included in those quadrants 39, lOl. However, 
when the loft is screened from all directions but one 
(fig. 3 B), the birds fail to orientate homeward even when 
released from the direction open to the wind 4~ This 
result seems to show that birds need to compare 
wind-borne odours from at least two directions; other- 
wise, it must be considered a result that contradicts the 
hypothesis s3. Many authors quote the experiments per- 
formed by keeping the birds in lofts equipped with de- 
flectors which produce a clockwise or counterclockwise 
deviation of the winds, from whatever direction they 
come (fig. 3 C). The result is that birds released from any 
direction consistently deflect clockwise or counterclock- 
wise, according to the arrangements of the deflec- 
tors 5, 7.20, 53, 96 

Other results consistent with those reported above have 
been obtained by keeping pigeons in corridor lofts 
equipped with fans (fig. 3 D). When a wind blew from 
one of the two quadrants bisected by the corridor axis, 
the birds were subjected to an artificial wind produced by 
a fan and blowing from the opposite direction. In releases 
from the directions of the corridor axis, the birds orien- 
tated in a direction opposite to that of home. The homing 
performances were poorer than those of controls, and in 
some releases disastrous 38.42. 
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(North or South) from that from which they were used to 
sensing that particular odour  in the corridor loft. Thus 
each group of  pigeons flew Nor th  or South according to 
whether they were made to smell odour  A or B and the 
pigeons belonging to the two groups went in opposite 
directions when they received the same odour  75. 
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Figure 3. Sketches and horizontal sections of the cages used in the exper- 
iments aiming to test whether pigeons associate wind-borne odours with 
the direction from which they come. A Cage open to winds blowing from 
two quadrants, and B from one quadrant. C Deflector lofts deflecting the 
wind clockwise (C1) or counterclockwise (C2). D Corridors with fans. In 
the central corridor the birds are exposed to natural winds blowing along 
the corridor axis, in the left corridor, to an air current blowing in the same 
direction, in the right corridor to an air current from the opposite direc- 
tion. From Papi69. 

Another  experiment, which aimed at testing the hypoth- 
esis mentioned above about  how pigeons build up an 
olfactory map, was carried out using artificial winds 
laden with odours. Two groups of  pigeons were denied 
exposure to natural wind but were intermittently exposed 
to artificial odour-bearing air currents. One group of  
pigeons was able to smell odour  A from the Nor th  and 
odour  B from the South, whereas another group was 
treated in the reverse way. The test experiments took 
place at a site to the west of  the loft. One or the other o f  
the odorous substances was placed near the pigeon's 
nostrils. The pigeons then flew in the opposite direction 

4. Hypotheses about the map 
Previous theories on pigeon navigation were based on the 
fact that certain known physical parameters were capable 
of  allowing the identification of  a subject's geographical 
position. The height of  the sun at local noon and the time 
at which the sun passes the meridian may supply a bird 
with information about latitude and longitude, while the 
total intensity o f  the magnetic field, and its inclination, 
could give further indications o f  latitude. The impor- 
tance of  such cues was tested experimentally by depriving 
birds of  astronomic or magnetic cues, or by giving them 
false cues of  this kind. The conclusion was reached that 
the birds do not possess either an astronomic map so, or 
a magnetic one 105 
This has increased attention and interest in olfactory 
navigation, where, however, the theoretical situation is 
not fully understood. Considering that birds which are 
deprived of  olfactory information, or which are given 
false information, do fly in the expected way, one possi- 
ble inference was that odorants distributed in the atmo- 
sphere may be able to provide an indication o f  geograph- 
ical position. Papi and his group have put forward 
the concept ' that there exist odorant  substances, which, 
for every area give rise to a different pattern of  olfacto- 
ry stimulation, that is, to a characteristic prevailing 
odour'  72. 
This is a vague formulation, yet no other statement is 
justified given the present state of  knowledge. Nonethe- 
less, it does give an indication o f  qualitative differences 
between smells perceivable in different areas. These dif- 
ferences may derive from regional differences in vegeta- 
tion and in soil composition. This hypothesis, which has 
been nicknamed 'the mosaic hypothesis'  by Wallraff 1~ 
seems better able to explain olfactory navigation over 
short distances than the rival hypothesis proposed by 
Wallraff himself. He has suggested that there are olfacto- 
ry gradients which are operative over large areas, and 
which are due to circumscribed sources which free long- 
living odorants. For  further detailed discussions on these 
advantages and disadvantages of  the mosaic and gradi- 
ent models, the reader can refer to Wallraff 1~ 11a. 
It should, in any case, be pointed out that so far neither 
of  these two models has been empirically supported by 
data o n  the distribution of  gaseous substances in the 
atmosphere, and that the two hypotheses are working 
proposals in response to the need to offer a model for the 
physical substrate of  the map. The doubts which remain 
in this connection do not undermine the validity of  the 
findings that prove the existence of  a long-distance navi- 
gation mechanism that, unlike all others in the animal 
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domain, is based on an olfactory map. The orientation of 
pigeons is very approximate and their direction is often 
corrected as they get nearer their loft. Thus we do not 
need to hypothesize a theoretically perfect direction-fix- 
ing mechanism, or that the physical substrate on which 
navigation is based must give precise homing cues. 
Little has been done so far to test whether other bird 
species use the same homing mechanism. Nesting swifts 
were made anosmic and then released 45-66 km from 
home. Most of them, unlike controls, were unable to 
reach home, even though the differences between experi- 
mental birds and controls had been minimized by sever- 
ing only one nerve and plugging only one nostril 21. In 
the case of starlings subjected to bilateral cutting of the 
nerves and then released at a distance of 130 km, the 
homing success of experimentals (25 %) was half that of 
controls (52 %) 116. 

It is still not known how far olfactory navigation is in- 
volved in migratory flights. 

5. Critiques, discussions and most recent findings 
Various authors have criticized the conclusions reached 
by the teams of Papi and Wallraff. The authors of these 
criticisms claim: a) that they have obtained conflicting 
results, b) that the results of Papi and Wallraff can be 
interpreted differently, c) that it is hard to identify the 
physical substrate of the olfactory map. 
It is generally agreed that permanent and temporary 
anosmia reduce homing success and/or homing 
speed 3s'51'78'13~ The main text of a recent re- 
view 83, and even its summary, make the statement that 
anosmic pigeons are able to home. This is incorrect if it 
refers to pigeons released from unfamiliar sites, and mis- 
leading if it refers to pigeons released over familiar areas. 
Some authors have argued that the initial orientation of 
anosmic pigeons is not influenced by anosmia which, at 
most, could lead to an increase in scattering. Some of 
these claims were unjustified because methodological er- 
rors had been made, or because no allowance had been 
made for the fact that pigeons tend to fly in a set direc- 
tion, or because observers expected to find an effect pro- 
duced by anosmia even when controls were unable to 
steer home 69. The orientation of pigeons from Cornell, 
which had been found to be only Slightly affected by 
anosmia 7s, 13a, was investigated further by S. Benvenuti 
and I. Brown 12 using a procedure which was correct, 
even if complete anosmia during passive transportation 
was not guaranteed. These experiments were carried out 
on two groups of pigeons; the first group were trained up 
to a distance of 25 kin, but their freedom in spontaneous 
flights was restricted (Cornell training procedure), 
whereas the other group were not trained but they were 
always free to fly in the loft area (Italian procedure). As 
shown by initial orientation, controls in both groups 
displayed a weak but significant homeward tendency, 
whereas the orientation of the anosmic birds did not 
differ from random. The authors conclude that 'the re- 

(1990), Birkhfiuser Verlag, CH-4010 Basel/Switzerland 357 

sults show that Cornell pigeons use olfactory cues for 
navigation' but do not exclude the existence of an auxil- 
iary non-olfactory mechanism, since they observed a re- 
sidual homeward tendency in experimentals, which was 
not, however, significant. 
Another case of contradictory results has been reported 
by R. Wiltschko and W. Wiltschko 130. They raised two 
groups of pigeons in a single building, keeping the first 
on the roof, so that this group was exposed to wind, and 
the other group in the courtyard; they also trained the 
two groups in different ways. The orientation of the pi- 
geons that had been kept on the roof was drastically 
affected by anosmia, while the pigeons that had been 
kept in the courtyard were homeward oriented even 
when anosmic. In both groups, however, the experimen- 
tals had worse homing performances than controls. This 
experiment has been repeated twice in Italy 14 following 
the Wiltschkos' procedures, but the results were differ- 
ent, because both groups of anosmic pigeons failed to 
show a homeward orientation. In yet another case, the 
residual capacity of anosmic pigeons to orient home- 
wards 103,104 turned out to be illusory after further inves- 
tigations 113 

No other results of any importance that conflict with 
those of Papi's and Wallraff's teams can be found in the 
literature. On the other hand different interpretations are 
often made of the same findings. The results of detour 
experiments have led to many disagreements 77. These 
disagreements arise from the fact that a detour does not 
always produce the expected effect, or else from the find- 
ing that the discrepancy between the groups does not 
reach a significant level. Naturally, this depends on dif- 
ferences in the interference between odours perceived en 
route and those at the release site. Despite this, when a 
sufficient number of experiments have been carried out 
and correctly interpreted, they have always ended up by 
giving positive results, not only in Italy, but also in 
Switzerland, Germany, and the United States vv, so that 
even one of the most critical authors, K. Schmidt- 
Koenig, concludes that 'one may, with certain reserva- 
tions, accept that there is some detour effect '83. He im- 
mediately adds that 'there is still no convincing evidence 
for an olfactory basis for this effect', but fails to inform 
the reader that there is a series of 13 experiments in which 
308 experimental pigeons transported in an anosmic 
state, unlike the 281 controls transported in a normal 
state, showed no detour effect 77. 
Further discussions have arisen out of the interpretation 
of results obtained with deflector lofts. These were first 
used in Italy but they have led to the same results in the 
United States 96 and in Germany 53. In later, methodo- 
logically different attempts to ascertain the nature of the 
stimuli involved in the deflector loft effect, Kiepen- 
heuer 54, 55 in Germany, and Waldvogel and Phillips 79, 97 
in the States, obtained results which in part were in con- 
flict with each other and with the olfactory interpreta- 
tion. 
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Details of this controversy, which can be found else- 
where 69, are of little interest after the new findings of 
Foil et al. 24. This team used pigeons with the interhemi- 
spheric anterior commissure severed in order to prevent 
a transfer of olfactory information from one hemisphere 
to the other. Every three days, they were moved from a 
clockwise deflector loft to a counterclockwise one, and 
then back again. When they were in the clockwise deflec- 
tor loft, they had their right nostril plugged, and when in 
the counterclockwise deflector loft, they had the left nos- 
tril plugged. When taking off, the pigeons had only one 
nostril free. They deviated in a clockwise direction when 
the free nostril was the one they had had free in the 
clockwise deflector loft, and in a counterclockwise one in 
the opposite case. The birds behaved as if they had a 
different map in each hemisphere, one rotated clockwise, 
and the other counterclockwise. This result clearly 
demonstrates the involvement of the sense of smell in the 
deflector loft effect. The statement that this experiment 
'proves only that the orientation mechanisms of pigeons 
are highly malleable and capable of making rather un- 
usual adjustments '95 is elegant in its choice of words, but 
all it is doing is to set up a smokescreen, which only serves 
to hide a simple reality. 
The concept expressed by Keeton 5o, that diminished sen- 
sory feedback from the nasal cavity reduces the motiva- 
tion to fly, has been challenged on several occasions, on 
various grounds 69,103. The most important of these are 
that pigeons made permanently anosmic often make long 
flights, as shown by reports of lost birds, and that when 
anosmic birds are released from known places they are 
quite capable of flying home. 
Other authors point out that severing the olfactory 
nerves of pigeons has effects on behaviour patterns which 
are not primarily related to olfaction such as learning, 
extinction-induced aggression, and tonic immobili- 
ty 124-126 even when many other forms of behaviour 
appear to be quite normal v2. This has raised the suspi- 
cion that cutting the olfactory nerves may lead to distur- 
bances in homing behaviour that are independent of the 
removal of olfactory information 83, 95,130. This suspi- 
cion does not take into account the following facts which 
have already been mentioned, namely that, a) even when 
olfactory deprivation is achieved without cutting the 
nerves, it has the same effect, b) when only one of a 
pigeon's nerves is cut, its homing behaviour is influenced 
to a degree depending on which nostril is plugged, and c) 
pigeons with both nerves cut show almost normal be- 
haviour when tossed from sites made familiar by previ- 
ous releases (or located not far from them 11 v). 
More recently, the same effect as that induced by olfacto- 
ry deprivation has been obtained by removing a portion 
of the dorsolateral telencephalon in pigeons (Papi and 
Casini, unpublished data). This area, which is recognized 
as being comparable to the mammalian pyriform cor- 
tex 66, is reached by projections from the olfactory 
bulb so. Operated birds behave like intact controls when 

released from familiar sites but are impaired in both 
initial orientation and homing from unfamiliar sites. 
Since the birds show electro-olfactographic and cardiac 
responses to odorous stimuli, it is reasonable to conclude 
that their imcompetence in homing is due to a break- 
down in their processing of olfactory information. This is 
also supported by the fact that in rats the cortex pyri- 
formis was found to be involved in olfactory discrimina- 
tion tasks and in acquiring neural representations of ol- 
factory cues 92. In the case of pigeons, it could be argued 
that the disturbance in question is aspecific, but it would 
be very strange if one single type of aspecific disturbance 
could be induced in such a variety of different ways - for 
example cutting the nerves, removing a portion of the 
telencephalon involved in the processing of olfactory in- 
formation, or inserting plastic tubes in the nasal passages 
- without the sense of smell being involved. 
According to Waldvoge195, wind-borne odours might be 
used in orientation without this necessarily implying the 
existence of an olfactory map. In coastal regions, there 
are often prevailing breezes which carry a specific odour, 
and these could supply compass information. Even so, it 
is not at all clear how an extra compass could help pi- 
geons to solve navigational problems, and in any case, 
odours are necessary for the steering of pigeons which, 
like those of Bavaria, live far from the sea. 
Two other proposals that have been made are that 
odours 'serve merely as a motivation factor that acts to 
focus the bird's attention on other navigational c u e s  '95 

and that information from airborne factors needs to 
match other information 57'83. The intention of these 
hypotheses is to explain the results that had been ob- 
tained by allowing pigeons to smell in one place and then 
releasing them in another, without having to admit that 
odours supply directional information. There is, howev- 
er, the experiment mentioned above involving winds 
laden with odours, which shows that, even for a single 
release site, orientation varies with the odorant which 
pigeons are sensing. 
It is also worth noting a new experiment carried out with 
winds laden with odours which refutes the two hypothe- 
ses just mentioned. In this case the pigeons did not live 
sheltered from natural winds, but were continually ex- 
posed to them, by being kept in two cages made of wire 
netting. The pigeons in one cage were also exposed at 
intervals to an artificial NNW-wind which carried a 
strong odour of benzaldehyde, whereas the others were 
given no treatment. When the two groups where exposed 
to benzaldehyde during transportation and at the release 
site, the controls had a homeward orientation, while the 
experimentals flew SSE - that is, in the direction opposite 
to that from which they had been used to receiving the 
odour - and this happened independently of the home 
direction (fig. 4; Ioal~ et al., unpublished data), On the 
other hand, if the birds were not exposed to benzalde- 
hyde prior to release, the experimentals as well as the 
controls flew towards home. This experiment demon- 
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strates that an odorant becomes significant for orienta- 
tion only if it is perceived as being carried by a wind. It 
will then supply a directional due, which is independent 
of the geographic position of the bird. 
To explain the apparent differences in results obtained 
over different areas it has been argued that pigeons use 
a redundant series of cues of various kinds to navigate 50 
and among these they choose those which yield the most 
reliable information for navigation over the region where 
they live 132. Naturally, these authors believe that the 
most reliable information in Italy is olfactory in charac- 
ter. In an attempt to test whether pigeons are also capa- 
ble of using non-olfactory cues for navigation, we made 
a group of pigeons permanently anosmic at fiedging time 
- before they could perceive odours in the loft area. 
These pigeons were free to fly ad libitum and were 
trained by flock releases along with intact controls. When 
they were released singly f rom unfamiliar places, the ex- 
perimentals turned out to be incapable of  initial home- 
ward orientation, and most of them (89 %) were lost 7~. 
The early cutting of olfactory nerves should have fa- 
voured reliance on non-olfactory cues, but this did not 
happen. At this point the only explanation available to 
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Figure 4. Initial orientation of pigeons exposed at the loft to an odorous 
wind from NNW (solid symbols) and controls (open symbols). The three 
vanishing diagrams refer to three test releases from different directions. 
Controls were homeward oriented, whereas experimentals oriented to- 
wards a direction opposite to that from which they had been used to 
receiving the odour (SSE, black arrow outside the circle), Each dot indi- 
cates the vanishing bearing of a bird, Ioal~ et al., unpublished data. 
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critics is that in Italy alone the sense of smell is the only 
aid to orientation. 
It is, however, true that pigeons perform better in Italy 
than in Germany. This does not depend on genetic fac- 
tors, as pigeons of the same stock behaved differently in 
the two countries and only marginal differences were 
found when the performances of the two stocks raised 
and tested in the same area were compared zs.z6.58. It 
turns out that the environmental conditions are condu- 
cive to navigation to different extents, according to sea- 
sonal and spatial variations of the climate. This is com- 
patible with a mechanism of olfactory navigation, and on 
the other hand there is no evidence that cues of different 
nature are used over different regions. 
The hypothesis of the genetic discrepancy between differ- 
ent strains of pigeons is not only undermined by the 
comparison between German and Italian pigeons but 
also by that between Italian pigeons and pigeons from 
Cornell. Pigeons of the Corneil strain, born and raised in 
Italy, have been compared with Italian pigeons. In the 
tests the controls in the two groups were orientated to- 
wards home, while birds from the two experimental sub- 
groups which had been transported and released anosmi- 
cally were equally disoriented 14. 
Considering all the foregoing, it may be concluded that 
while there are several differences arising from different 
evaluations of  the results, the only discrepancies of  any 
importance between different sets of findings are those 
related to the initial orientation of anosmic pigeons. In a 
few cases there is a residual orientation, or even a good 
orientation, towards home comparable to that of con- 
trols 130. These cases call for an explanation. In my opin- 
ion there may be an auxiliary mechanism which helps to 
fix the homeward direction, and which only comes into 
play in certain situations. This mechanism, however, 
does not reduce impairment in homing, so that it seems 
to be based on information gathered on the outward 

I j journey. The calculation of the direction of the target, 
which is made during the outward journey, cannot be 
corrected during the return journey, and if it is made 
inaccurately, it leads to failure. 
Other discrepancies which have been reported are of mi- 
nor importance or arc only apparent. Some results could 
be explained without reference to the sense of smell, but 
this, in contrast with the principle of economy, would call 
for a contribution from many different factors, when 
only one factor could be sufficient. 
The only important objection that can be made to the 
mechanism of olfactory navigation is that the physical 
substrate on which it is based is unknown. By means of 
experiments in which pigeons breathed filtered air, it was 
shown that the olfactory cues used by pigeons consist of 
substances that are dispersed in the atmosphere, very 
probably in molecular form, whereas no use seems to be 
made of substances present as liquid or solid aerosols 114. 
So far, however, there is no proof that one or more 
gaseous substances present in the atmosphere possess the 
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reliability and continuity needed for navigation, even if 
that navigation is rather imprecise. 
According to two meterologists 1 ~, long-living substances 
generally do not have any significant gradients, while 
those of short-living compounds are strong but tempo- 
rally and spatially variable. It is not, however, clear 
whether substances with intermediate characteristics 
may exist. Waldvoge194, 95 recently made a considerable 
effort to test the possibility of olfactory navigation in the 
northwestern United States on the basis of the data col- 
lected in a study of long-range atmospheric transport. In 
this study (CAPTEX '83) the tracer used (perfluo- 
romonomethyl-cyclohexane) was released in aerosol 
form from two release points and then monitored at 
ground level. Unfortunately for our purposes, aerosols 
represent the least appropriate physical state, given that 
it is known that their elimination does not affect the 
navigational capacity of pigeons. Moreover, Waldvogel 
assumes that a) the pigeon's olfactory threshold, which 
has been determined for only a few substances, cannot be 
situated at a lower level for certain odorants of special 
significance, and b) that even in the United States, pi- 
geons' navigational maps allow them, at a distance of 
hundreds of kilometers, to determine their position with 
respect to the loft without picking up olfactory informa- 
tion en route. Besides this, Waldvogel only had access to 
data at distance of over 300 km from the source of the 
tracer. With these premisses and under these conditions, 
it is hardly surprising that the author's conclusions were 
negative with reference to the region in question. Despite 
all these limitations, his study is the result of a serious 
effort made in the right direction. 
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Conclusions 

It can be stated that there is much evidence in favour of 
olfactory navigation, and that it constitutes a coherent 
picture. The data relative to the acquisition of the map 
are in accordance with the homing behaviour under nat- 
ural and experimental conditions, and only a few con- 
flicting data call for further study. It is possible that a 
non-olfactory auxiliary mechanism based on informa- 
tion picked up en route functions in some cases; research 
in this direction might turn out to be very valuable. Many 
objections have been raised to the suggested mechanism 
of olfactory navigation, but this continues to be the focus 
of attention for a clear majority of researchers. Among 
the positive results of this line of research, the following 
generally recognized achievements deserve mention: a) 
there is a sensory input, and its elimination leads to im- 
pairment of homing, but only from unfamiliar places, b) 
information gathered en route is used in orientation, and 
c) initial orientation can be deflected in a foreseeable way 
according to the conditions in which pigeons have been 
kept (deflector experiments). Knowledge of the homing 
behaviour of the pigeon has already reached the point 
where pioneering experiments on the central mechanisms 
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that underlie homing have become possible 17. It is true 
that at present there is a lack of data on the physical bases 
of olfactory navigation, but this lack cannot be consid- 
ered to be evidence against the essential role of the sense 
of smell in homing even from large distances. It should, 
in fact, act as a stimulus to further research in this direc- 
tion. 

1 Able, K. P., Mechanisms of orientation, navigation and homing, in: 
Animal Migration, Orientation and Navigation, pp. 283-373. Ed. 
S. A. Gautreaux Jr. Academic Press, New York 1980. 

2 Adrian, E. D., Olfactory discrimination. Annie psychol. 50 (1951) 
107-113. 

3 Alleva, E., Baldaccini, N. E., FoA, A., and Visalberghi, E., Homing 
behaviour of the rock pigeon. Monitore zool. ital. (N.S.) 9 (1975) 
213-224. 

4 Baker, R. R., The Evolutionary Ecology of Animal Migration. Had- 
der and Stanghton, London 1978. 

5 Baldaccini, N. E., Benvenuti, S., Fiaschi, V., Ioal~, P, and Papi, F., 
Investigation of pigeon homing by means of "deflector cages", in: 
Animal Migration, Navigation and Homing, pp. 78-91. Eds 
K. Schmidt-Koenig and W. T. Keeton. Springer Verlag, Berlin 1978. 

6 Baldaccini, N. E., Benvenuti, S., Fiaschi, V., Ioal~, P., and Papi, F., 
Pigeon orientation: experiments on the role of olfactory stimuli per- 
ceived during the outward journey, in: Avian Navigation, pp. 160- 
169. Eds F. Papi and H. G. Wallraff. Springer Verlag, Berlin 1982. 

7 Baldaccini, N. E., Benvenuti, S., Fiaschi, V., and Papi, F., Pigeon 
navigation: effects of wind deflection at home cage on homing be- 
haviour. J. comp. Physiol. 99 (1975) 177-186. 

8 Balthazart, J., and Schoffeniels, E., Pheromones are involved in the 
control of sexual behavior in birds. Naturwissenschaften 66 (1979) 
55-56. 

9 Bang, B. G., Functional anatomy of the olfactory system in 23 or- 
ders of birds. Acta anat. suppl. 58 (1971) 1-76. 

10 Bang, B. G., and Wenzel, B. M., Nasal cavity and olfactory system, 
in: Form and Function in Birds, vol. 3, pp. 195-225. Eds A. S. King 
and J. McLelland. Academic Press, New York 1985. 

11 Becker, J., and van Radon, H., Meteorologische Gesichtspunkte zur 
olfactorischen Navigationhypothese. I Orn. 127 (1986) 1-8. 

12 Benvenuti, S., and Brown, 1. A., The influence of olfactory depriva- 
tion on experienced and inexperienced American pigeons. Be- 
haviour, in press. 

13 Benvenuti, S., Fiaschi, V., Fiore, L., and Papi, E, Homing perfor- 
mances of inexperienced and directionally trained pigeons subjected 
to olfactory nerve section. J. comp. Physiol. 83 (1973) 81-92. 

14 Benvenuti, S., Fiaschi, V., Fo~i, A., Ioal~, P., and Papi, E, The 
acquisition Of the olfactory map in homing pigeons, in: RIN 1989, 
Orientation and Navigation - Birds, Humans, and other Animals, 
paper No_ 17. The Royal Institute of Navigation, London 1989. 

15 Benvenuti, S., and Wallraff, H. G., Pigeon navigation: site simula- 
tion by means of atmospheric odours. J. comp. PhysioI. A 156 (1985) 
737-746. 

16 Bingman, V. P., and Ioal~, P., Initial orientation of anosmic homing 
pigeons based on information gathered at familiar release sites re- 
mains homeward directed following clock-shift. Behaviour 110 
(1989) 205-218. 

17 Bingman, V. P., Ioal~, P., Casini, G., and Bagnoli, P., Pigeon homing 
and the avian hippocampat complex: a complementary spatial be- 
havior paradigm, in: Cognitive Processes and Spatial Behavior in 
Animal and Man, pp. 273-283. Eds P. Ellen and C. Thinus-Blanc. 
Nijhof Press, The Netherlands 1987. 

18 Clark, L., and Mason, J. R., Use of the nest material as insecticidal 
and anti-pathogenic agents by the European starling. Oecologia 67 
(1985) 169-176. 

19 Clark, L-, and Mason, J.R., Olfactory discrimination of plant 
volatiles by the European starling. Anim. Behav. 35 (I 987) 227- 235. 

20 Fiaschi, V., Baldaccini, N.E.,  Ioa16, P., and Papi, E, Helicopter 
observations of homing pigeons with biased orientation because of 
deflected winds at the home loft. Monitore zooI. ital. (N.S.) 15 (1981) 
139-153. 



Reviews Experientia 46 (1990), BirkhS, user Verlag, CH-4010 Basel/Switzerland 361 

21 Fiaschi, V., Farina, A., and loal~, P., Homing experiments on Swifts 
Apus apus (L.) deprived of olfactory perception. Monitore zool. ital. 
(N.S.) 8 (1974) 235-244. 

22 Fink, V., Geruchsorgan und Riechverm6gen bei V6geln. Zool. Jb., 
allg. Zool. Physiol, 71 (1965) 429-450. 

23 Foil, A., and Albonetti, E., Does familiarity with the release site 
influence the initial orientation of homing pigeons? Experiments 
with clock-shifted birds. Z. Tierpsychol. 54 (1980) 327-338. 

24 Fog-, A., Bagnoli, P., and Giongo, F., Homing pigeons subjected to 
section of the anterior commissure can build up two olfactory maps 
in the deflector lofts. J. comp. Physiol. 159 (1986) 465-472. 

25 Fog-, A., Benvenuti, S., Ioal~, P., and Wallraff, H. G., Geographical 
and temporal variability in pigeon homing. Parallel studies in Italy 
and Germany. Behav. Ecol. Sociobiol. 15 (1984) 25-34. 

26 Fog-, A., Wallraff, H. G., Ioal~, P., and Benvenuti, S., Comparative 
investigations of pigeon homing in Germany and in Italy; in: Avian 
Navigation, pp. 232-238. Eds F. Papi and H. G. Wallraff. Springer 
Verlag, Berlin 1982. 

27 Fuller, E., Kowalski, U., and Wiltschko, R., Orientation of homing 
pigeons: compass orientation vs piloting by familiar landmarks. J. 
comp. Physiol. 153 (1983) 55-58. 

28 Goldsmith, K. M,, and Goldsmith, T.H., Sense of smell in the 
Black-chinned Hummingbird. Condor 84 (1982) 237-238. 

29 Graue, L. C., The effect of phase shifts in the day-night cycle on 
pigeon homing at distance of less than one mile. Ohio J. Sci. 63 (1963) 
214-217, 

30 Grubb, T.C. Jr, Smell and foraging in Shearwaters and Petrels. 
Nature 237 (1972) 404-405. 

31 Grubb, T.C. Jr, Olfactory navigation to the nesting burrow in 
Leach's Petrel (Oceanodroma leucorrhoa). Anim. Behav. 22 (1974) 
192-202. 

32 Haase, E., Otto, C., and Murbach, H., Brain weight in homing and 
'non-homing' pigeons. Experientia 33 (1977) 606-607. 

33 Hartwick, R. F., Fog,, A., and Papi, E, The effect of olfactory depri- 
vation by nasal tubes upon homing behaviour in pigeons. Behav. 
Ecol. Sociobiol. 2 (1977) 81-89. 

34 Henton, W. W., Smith, J. C., and Tucker, D., Odor discrimination in 
pigeons. Science 153 (1966) 1138 1139. 

35 Hermayer, K. L., and Keeton, W T., Homing behavior of pigeons 
subjected to bilateral olfactory nerve section. Monitore zool. ital. 
(N.S.) 13 (1979) 303-313. 

36 Hutchinson, L. V., and Wenzel, B. M., Olfactory guidance in forag- 
ing by Procellariformes. Condor 82 (1980) 314-319. 

37 Hutchinson, L. V., Wenzel, B. M., Stager, K. E., and Telford, B. L., 
Further evidence for olfactory foraging by Sooty Shearwaters and 
Northern Fulmars, in: Marine Birds: their Feeding Ecology and 
Commercial Fisheries Relationship, pp. 72-76. Eds D. W. Nettle- 
ship, G. A. Sanger and P. F. Springer. Spec. PuN. Canada Wildlife 
Service, 1984. 

38 Ioal+, P., Further investigations on the homing behaviour of pigeon 
subjected to reverse wind direction at the loft. Monitore zool. ital. 
(N.S.) 14 (1980) 77-87. 

39 Ioal+, P., Pigeon homing: effects of differential shielding of home 
cages, in: Avian Navigation, pp. 170-178. Eds E Papi and H. G. 
Wallraff. Springer Verlag, Berlin 1982. 

40 Ioal6, P., and Benvenuti, S., Pigeon homing: further experiments on 
shielded lofts. Comp. Biochem. Physiol. 76A (1983) 725-731. 

41 Ioal~, P., and Papi, E, Olfactory bulb size, odor discrimination and 
magnetic insensitivity in hummingbirds. Physiol. Behav. 45 (1989) 
995 -999. 

42 loal+, P., Papi, E, Fiaschi, V., and Baldaccini, N. E., Pigeon naviga- 
tion: effects upon homing behaviour by reversing wind direction at 
the loft. J. comp. Physiol. 128 (1978) 285 295. 

43 Ioal+, P., Wallraff, H. G., Papi, F., and Fog-, A., Long-distance re- 
leases to determine the spatial range of pigeon navigation. Comp. 
Biochem. Physiol. 76A (1983) 733-742. 

44 Isack, H. A., and Reyer, H.-U., Honeyguides and honey gatherers: 
interspecific communication in a symbiotic relationship. Science 243 
(1989) 1343-1346. 

45 Jacob, J., Balthazart, J., and Schoffeniels, E., Sex differences in the 
chemical composition of uropygial gland waxes in domestic ducks. 
Biochem. Syst. Ecol. 7 (1979) 149. 

46 Jarvi, T., and Wiklund, C., A note on the use of olfactory cues by a 
great tit Parus major in food choice. Fauna Norv. SerC 7 (1984) 139. 

47 Jouventin, P., and Robin, P., Olfactory experiments on some antarc- 
tic birds. Emu 84 (1984) 46-48. 

48 Keeton, W. T., Orientation by pigeons: is the sun necessary? Science 
165 (1969) 922-928. 

49 Keeton, W.T., Magnets interfere with pigeon homing. Proc. natl 
Acad. Sci. 68 (1971) 102-106. 

50 Keeton, W. "i2, Avian orientation and navigation: new developments 
in an old mistery, in: Acta XVII Congr. int. Ornith. 1978, pp. 137- 
157. Ed. E. Nohring. Dt, Ornithol. Ges., Berlin 1980. 

51 Keeton, W. T., Kreithen, M. L., and Hermayer, K. L., Orientation 
by pigeons deprived of olfaction by nasal tubes. J. comp. Physiol. 114 
(1977) 289-299. 

52 Kennedy, R. J., Preen gland weights. Ibis 113 (1971) 369-372. 
53 Kiepenheuer, J., Pigeon homing: a repetition of the deflector loft 

experiment. Behav. Ecol. Sociobiol. 3 (1978) 393-395. 
54 Kiepenheuer, J., Pigeon homing: deprivation of olfactory informa- 

tion does not affect the deflector effect. Behav. Ecol. Sociobiol. 6 
(1979) 11 12. 

55 Kiepenheuer, J., Pigeon orientation: a preliminary evaluation of 
factors involved or not involved in the deflector loft effect, in: Avian 
Navigation, pp. 203-210. Eds F. Papi and H. G. Wallraff. Springer 
Verlag, Berlin 1982. 

56 Kiepenheuer, J., Can pigeons be fooled about the actual release site 
position by presenting them information from another site? Behav. 
Ecol. Sociobiol. 18 (1985) 75-82. 

57 Kiepenheuer, J., Are site-specific airborne stimuli relevant for pigeon 
navigation only when matched by other release-site information? 
Naturwissenschaften 73 (1986) 42-43. 

58 Kiepenheuer, J., Baldaccini, N. E., and Alleva, E., A comparison of 
orientational and homing performances of homing pigeons of Ger- 
many and Italy. Monitore zool. ital. (N.S.) 13 (1979) 159-171. 

59 Kramer, G., Wird die Sonnenh6he bei der Heimfindeorientieruug 
verwertet?. J. Orn. 94 (1953) 201-219. 

60 Kramer, G., Ueber die Heimfindeleistung unter Sichtbegrenzung 
aufgewachsener Brieftauben. Verh. dt. zool. Ges. 52 (1959) 168-176. 

61 Kramer, G., Recent experiments on bird orientation. Ibis lO1 (1959) 
399-416. 

62 Macadar, A~ W., Rausch, L.J., Wenzel, B.M., and Hutchinson, 
L. V., Electrophysiology of the olfactory pathway in the pigeon. J. 
comp. Physiol. 137 (1980) 39-46. 

63 Matthews, G. V. T., Bird Navigation, 2nd edn. Cambridge Universi- 
ty Press, London 1968. 

64 Merkel, E W., Orientierung im Tierreich. Fischer Verlag, Stuttgart 
1980. 

65 Mueller, H., Drenckhahn, D., and Haase, E., Vergleichend quantita- 
tive und ultrastrukturelle Untersuchungen am Geruchsorgan yon 
vier Haustaubenrassen. Z. mikrosk.-anat. Forsch. 93(1979) 888 
900. 

66 Northcutt, R. G., Evolution of the telencephalon in nonmammals. 
A. Rev. Neurosci. 4 (1981) 301-350. 

67 Papi, E, The olfactory navigation system of the homing pigeon. 
Verb. dt. zool. Ges. 69 (1976) 184-205. 

68 Papi, F., Olfaction and homing in pigeons: ten years of experiments, 
in: Avian Navigation, pp. 149-159. Eds E Papi and H. G. Wallraff. 
Springer Verlag, Berlin 1982. 

69 Papi, E, Pigeon navigation: solved problems and open questions. 
Monitore zool. ital. (N.S.) 20 (1986) 471-517. 

70 Papi, F., Fiaschi, V., Benvenuti, S., and Baldaccini, N. E., Pigeon 
homing: outward journey detours influence the initial orientation. 
Monitore zool. ital. (N.S.) 7 (1973) 129-133. 

71 Papi, E, Fiore, L., Fiaschi, V., and Benvenuti, S., The influence of 
olfactory nerve section on the homing capacity of carrier pigeons. 
Monitore zool. ital. (N.S.) 5 (1971) 265 267. 

72 Papi, E,  Fiore, L., Fiaschi, V., and Benvenuti, S., Olfaction and 
homing in pigeons. Monitore zool. ital. (N.S.) 6 (1972) 85-95. 

73 Papi, E, Fiore, L., Fiaschi, V., and Benvenuti, S., An experiment for 
testing the hypothesis of olfactory navigation of homing pigeons. J. 
comp. Physiol. 83 (1973) 93-102. 

74 Papi, F., Gagliardo, A., Fiaschi, V., and Dall'Antonia, P., Pigeon 
homing: does early experience determine what cues are used to nav- 
igate? Ethology, 82 (1989) 208-215. 

75 Papi, F., Ioal+, P., Fiaschi, V., Benvenuti, S., and Baldaccini, N. E., 
Olfactory navigation of pigeons: the effect of treatment with odor- 
ous air currents. J. comp. Physiol. 94 (1974) 187 193. 

76 Papi, F., Ioal6, P., Fiaschi, V,, Benvenuti, S., and Baldaccini, N. E., 
Pigeon homing: cues detected during the outward journey influence 
initial orientation, in: Animal Migration, Navigation and Homing, 
pp. 65-77. Eds K. Schmidt-Koenig and W. T. Keeton. Springer Ver- 
lag, Berlin 1978. 

77 Papi, F., Ioal~, P., Fiaschi, V., Benvenuti, S., and Baldaccini, N. E., 
Pigeon homing: the effect of outward-journey detours on orienta- 
tion. Monitore zool. ital. (N.S.) 18 (1984) 53-87. 



362 Experientia 46 (1990), Birkhfiuser Verlag, CH-4010 Basel/Switzerland Reviews 

78 Papi, E, Keeton, W. T., Brown, A. I., and Benvenuti, S., Do Ameri- 
can and Italian pigeons rely on different homing mechanism?. J. 
comp. Physiol. 128 (1978) 303 317. 

79 Phillips, J. B., and Waldvogel, J. A., Reflected light cues generate the 
short-term deflector-loft effect, in: Avian Navigation, pp. 190-202. 
Eds F. Papi and H. G. Wallraff. Springer Verlag, Berlin 1982. 

80 Reiner, A., and Karten, H. J., Comparison of olfactory bulb projec- 
tions in pigeons and turtles. Brain Behav. Evol. 27 (1985) 11-27. 

81 Schmidt-Koenig, K., Experimentelle Einflussnahme auf die 24-Stun- 
den-Periodik bei Brieftauben und deren Auswirkungen unter beson- 
derer Beriicksichtigung des Heimfindeverm6gens. Z. Tierpsychol. t5 
(1958) 301-331. 

82 Schmidt-Koenig, K., Die Sonne als Kompass im Heim-Orien- 
tierungssystem der Brieftauben. Z. Tierpsychol. 18 (1961) 211-244. 

83 Schmidt-Koenig, K., Bird navigation: has olfactory orientation 
solved the problem? Quart. Rev. Biol. 62 (1987) 31-47. 

84 Shallenberger, R. J., Olfactory use in the Wedge-tailed Shearwater 
(Puffinus pacificus) on Manana Island, Haway, in: Olfaction and 
Taste V, pp. 355-360. Eds D. A. Denton and J. P. Coghlan. Aca- 
demic Press, New York 1975. 

85 Shibuya, T., and Tucker, D., Single unit responses of olfactory recep- 
tors in Vultures, in: Olfaction and Taste II, pp. 219-233. Ed. 
T. Hayashi. Pergamon Press, Oxford 1967. 

86 Shumake, S. A., Smith, J. C., and Tucker, D., Olfactory intensity-dif- 
ference thresholds in the pigeon. J. comp. Physiol. Psychol. 67 (1969) 
64 - 69. 

87 Smith, J. C., Conditioned suppression as an animal .psychophysical 
technique, in: Animal Psychophysics, pp. 125 159. Ed. W C. Steb- 
bins. Appleton-Century-Crofts, New" York 1970. 

88 Smith, S. A., and Paselk, R. A., Olfactory sensitivity of the Turkey 
Vulture (Cathartes aura) to three carrion-associated odorants. Auk 
i03 (1986) 586-592. 

89 Snyder, G. K., and Peterson, T. T., Olfactory sensitivity in the black- 
billed magpie and in the pigeon. Comp. Biochem. Physiol. 62 (1979) 
92t -925. 

90 Stager, K. E., Avian olfaction. Am. Zool. 7 (1967) 415-420. 
91 Stattelman, A.J., Talbot, R.B., and Coulter, D.B., Olfactory 

thresholds of pigeons (Columba livia), quail (Coturnix virginianus) 
and chickens (Gallus gallus). Comp. Biochem. Physiol. 50A (1975) 
807-809. 

92 Staubii, V., Schottler, E, and Nejat-Bina, D., Role of dorsomedial 
thalamic nucleus and piriform cortex in processing olfactory infor- 
mation. Behav. Brain Res. 25 (1987) 117-129. 

93 Tucker, D., Electrophysiological evidence for olfactory function in 
birds. Nature 207 (1965) 34-36. 

94 Waldvogel, L A., Olfactory navigation in homing pigeons: are the 
current models atmospherically realistic? Auk 104 (1987) 369-379. 

95 Waldvogel, J.A., Olfactory orientation by birds, in: Current Or- 
nithology, voI. 6, pp. 269 321. Ed. D. M. Power. Plenum Press, 
New York 1989. 

96 Waldvogel, J. A., Benvenufi, S., Keeton, W 32, and Papi, E, Homing 
pigeon orientation influenced by deflected winds at home loft. J. 
comp. Physiol. 128 (1978) 297-301. 

97 Waldvogel, J.A., and Phillips, J. B., Pigeon homing: new experi- 
ments involving permanent-resident deflector-loft birds, in: Avian 
Navigation, pp. 179-189. Eds F. Papi and H. G. Wallraff. Springer 
Verlag, Berlin 1982. 

98 Walker, J. C., Walker, D. B., Tambiah, C. R., and Gilmore, K. S., 
Olfactory and non-olfactory odor detection in pigeons: elucidation 
by a cardiac accelerator paradigm. Physiol. Behav. 38 (1986) 575- 
580. 

99 Wallraff, H. G., 1Jber die Heimfindeleistungen von Brieftauben nach 
Haltung in verschiedenartig abgeschirmten Volieren. Z. vergl. Phys- 
iol. 52 (1966) 215-259. 

100 Wallraff, H. G., Weitere Volierenversuche mit Brieftauben: wahr- 
scheinlicher Einfluss dynamischer Faktoren der Atmosph/ixe anf die 
Orientierung. Z. vergl. Physiol. 68 (1970) 182 201. 

101 Wallraff, H. G., Goal-oriented and compass-oriented movements of 
displaced homing pigeons after confinement in differentially shielded 
aviaries. Behav. Ecol. Sociobiol. 5 (1979) 201 225. 

102 Wallraff, H. G., Does pigeon homing depend on stimuli perceived 
during displacement? I. Experiments in Germany. J. comp. Physiol. 
139 (1980) 193-201. 

103 Wallraff, H.G.,  Olfaction and homing in pigeons: nerve-section 
experiments, critique hypotheses. J. comp. Physiol. i39 (1980) 209 
224. 

104 Wallraff, H.G.,  The olfactory component of pigeon navigation: 
steps of analysis. J. comp. Physiol. 143 (1981) 411 422. 

105 Wallraff, H. G., Relevance of atmospheric odours and geomagnetic 
field to pigeon navigation: what is the 'map basis'? Comp. Biochem. 
Physiol. 76A (1983) 643-663. 

106 Wallraff, H. G., Directional components derived from initial-orien- 
tation data of inexperienced homing pigeons. J. comp. Physiol. 159 
(1986) 143-159. 

107 Wallraff, H. G., Relevance of olfaction and atmospheric odours to 
pigeon homing, in: Orientation in Space, pp. 71-80. Ed. 
G. Beugnon. Privat, IEC, Toulouse 1986. 

108 Wallraff, H. G., Navigation mit Duftkarte und Sonnenkompass: das 
Heimfindevermrgezl der Brieftanben. Naturwissenschafte~ 75 
(1988) 380-392. 

109 Wallraff, H. G., The whereabouts of non-homing homing pigeons: 
recoveries of normal and anosmic birds, in : RIN '89'. Orientation 
and Navigation - Birds, Humans, and other Animals, paper No. 10. 
Royal Institute of Navigation, London 1989. 

110 Wallraff, H. G., Olfactory deprivation in pigeons: examination of 
methods applied in homing experiments. Comp. Biochem. Physiol. 
89A (1989) 621-629. 

111 Wallraff, H.G., Conceptual approaches to avian navigation sys- 
tems. Experientia 46 (1990) 379- 388. 

112 Wallraff, H. G., Benvenuti, S., and Fog, A., Pigeon navigation: time 
course of olfactory signal processing and dependence on access to 
fresh environmental air. J. comp. Physiol. A 155 (1984) 139-150. 

113 Wallraff, H. G., Benvenuti, S., and Fog, A., Attempts to reveal the 
nature of apparent residual of homeward orientation in anosmic 
pigeons: application of magnetic fields. Monitore zool. ital. (N.S.) 20 
(1986) 401 423. 

114 Wallraff, H. G., and Foil, A., Pigeon navigation: charcoal filter re- 
moves relevant information from environmental air. Behav. Ecol. 
Sociobiol. 9 (1981) 67-77. 

115 Wallraff, H. G., Fog, A., and Ioal~, P., Does pigeon homing depend 
on stimuli perceived during displacement? II. Experiments in Italy. 
J. comp. Physiol. 139 (1980) 203-208. 

116 Wallraff, H. G., and Hund, K., Homing experiments with starlings 
(Sturnus vulgaris) subjected to olfactory nerve section, in: Avian 
Navigation, pp. 313-318. Eds E Papi and H. G. Wallraff. Springer 
Verlag, Berlin 1982. 

117 Wallraff, H.G., and Neumann, M. E, Contribution of olfactory 
navigation and non-olfactory pilotage to pigeon homing. Behav. 
Ecol. Sociobiol. 25 (1989) 293-302. 

118 Wallraff, H. G., Papi, E, Ioal~, P., and Foil, A., On the spatial range 
of pigeon navigation. Monitore zool. ira1. (N.S.) 15 (1981) 155-161. 

119 Wallraff, H. G., and Sinsch, U., The role of 'outward-journey infor- 
mation' in homing experiments with pigeons: new data on ontogeny 
of navigation and general survey. Ethology 77 (1988) 10-27. 

120 Walter, W G., Some experiments on the sense of smell in birds. 
Archs n~erl. Physiol. 27 (1943) 1-72. 

121 Wenzel, B. M., Olfactory perception in birds, in: Olfaction and Taste 
II, pp. 203-217. Ed. 32 Hayashi. Pergamon Press, Oxford 1967. 

122 Wenzet, B. M., Olfaction in birds, in: Handbook of Sensory Physiol- 
ogy, pp. 432-448. Ed. L. M. Beidler. Springer Verlag, Berlin 1971. 

123 Wenzel, B. M., Functional status and credibility of avian olfaction, 
in: Avian Navigation, pp. 352-361. Eds E Papi and H. G. Wallraff. 
Springer Verlag, Berlin 1982. 

124 Wenzel, B.M., Albritton, P.F., Salzman, A., and Oberjat, 32 E., 
Behavioural changes in pigeons after olfactory nerve section or bulb 
ablation, in: Olfaction and Taste III, pp. 278-287. Ed. C. Pfaffman. 
Rockefeller University Press, New York 1969. 

125 Wenzel, B. M., and Rausch, L. J., Does the olfactory system modu- 
late affective behavior in the pigeon? Ann. N.Y. Acad. Sci. 290 (1977) 
314-330. 

126 Wenzel, B. M., and Salzman, A., Olfactory bulb ablation or nerve 
section and pigeons' behavior in non-olfactory learning. Exp. Neu- 
rol. 22 (1968) 472 479. 

127 Wenzel, B.M., and Sick, M. K,, Olfactory perception and bulbar 
electrical activity in several avian species. Physiol. Behav. 9 (1972) 
287-294. 

128 Wiltschko, R., and Wiltschko, W, Pigeon homing: does initial orien- 
tation include a 'preferred compass direction'? J. comp. Physiol. A 
i57 (1985) 469-476. 

129 Wiltschko, R., and Wiltschko, W, Pigeon homing: can release site 
biases be explained by 'preferred compass direction'? Monitore zool. 
ital. (N.S.) 19 (1985) 197-206. 

130 Wiltschko, R., and Wiltschko, W, Pigeon homing: olfactory orienta- 
tion - a paradox. Behav. Ecol. Sociobiol. 24 (1989) 163-173. 

131 Wiltschko, R., Wiltschko, W, Fog, A., and Benvenuti, S., Orienta- 
tion behaviour of pigeons deprived of olfactory information during 



Reviews Experientia 46 (1990), Birkhfiuser Verlag, CH-4010 Basel/Switzerland 363 

the outward journey and at the release site. Monitore zool. ital. 
(N.S.) 20 (1986) 183-193. 

132 Wiltschko, W., Wiltschko, R., Gruter, M., and Kowalsky, U., Pigeon 
homing: early experience determines what factors are used for nav- 
igation. Naturwissenschaften 74 (1987) 196 197. 

133 Wiltsehko, W., Wiltschko, R., and Walcott, C., Pigeon homing: 
different effects of olfactory deprivation in different countries. Be- 
hav. Ecol. Sociobiol. 21 (1987) 333-342. 

134 Wuerdinger, I., Olfaction and feeding behavior in juvenile geese 
(Anser a. anser and Anser domesticus). Z. Tierpsychol. 49 (1979) 
132-135. 

0014-4754/90/040352-1251.50 + 0.20/0 
�9 Birkh/iuser Ver!ag Basel, 1990 

Spatiotemporal programs and genetics of orientation 

P. Berthold 
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Summary. A number of migratory bird species have endogenous annual rhythms that regulate the entire annual cycle 
including the migratory portion. Moreover, captive migrants display inherited migratory activity; this could theoret- 
ically also be used by free-living migrants as a time-program for migration. Finally, this heritable migratory activity 
is oriented in a seasonally appropriate direction even in naive birds. These characteristics should enable inexperienced 
migrants isolated from contact with experienced conspecifics to utilize a heritable vector-navigation program to 
migrate from the breeding grounds to the winter quarters. That is, migrants should reach goal areas they have never 
experienced by migrating in programmed directions, for as long a period as the genetically fixed time-program for 
migratory activity induces them to do so. The time-course of migration as established by trapping stations, theoretical 
influences of environmental variables on migratory programs, and also compensatory behavior and migratory 
backup measures, are discussed. The present evidence supports the view that a large number of migrants are 
essentially brought to their wintering areas by vector-navigation systems. 
Key words. Bird migration; orientation; navigation; circannual rhythms; genetic programs; inheritance. 

Introduction 

A worldwide effort (primarily during the past 80 years) 
of marking ('ringing') individual migratory birds and 
carrying out population censuses clearly demonstrated 
that most migrants do not move to winter quarters which 
vary at random, but are capable of precisely oriented 
movements between well-defined species- and popula- 
tion-specific breeding grounds and wintering areas 41, 56. 
The most difficult task in such a system of movements is 
the first outward journey from a known area (the breed- 
ing grounds) to a totally unknown region (the prospec- 
tive wintering area). In all later seasons both areas are 
known. In some highly social groups of birds (e.g., 
storks, cranes, geese) the problem can be solved by tradi- 
tion; the offspring are led by experienced adults s0. It is 
not possible, however, for there to be any social transmis- 
sion of migratory information in birds such as brood- 
parasitic cuckoos, in which migrating fledglings never 
become acquainted with their parents or other adults 
before their first migratory journey. This is an extreme 
example, but the same holds true for the vast majority of 
migrants that either fly individually, or in varying flocks 
of inexperienced conspecifics 50. Since these birds are also 
able precisely to reach specific winter quarters 41, 56 it is 
logical to propose that they are equipped with endoge- 
nous orientation programs. And because these lonely 

wanderers, even when commuting over thousands of 
kilometers, regularly perform their long-distance move- 
ments according to rather fixed schedules 34 they must 
have spatiotemporal programs. In the following sections 
our present knowledge of such programs is summarized. 

Endogenous time-programs 

The involvement of endogenous programs in the control 
of migration has been proposed for a long time. As far 
back as 1702 yon Pernau 44 assumed that a 'hidden urge' 
in the individual bird was responsible for triggering the 
initiation of the migratory journey. Later on, it was pro- 
posed that endogenous time-programs might control the 
entire migratory journey (at least during the first migra- 
tory season from the breeding grounds to the winter 
quarters) ~1. About 20 years ago, such programs were 
actually demonstrated in European warblers is, z6, and 
they have currently been established in about 20 bird 
species of about 10 families 31. An example is given in 
figure 1. 
In order to demonstrate the existence and performance 
of endogenous rhythms, organisms have to be kept under 
constant experimental conditions. Thus, periodicity 
should not occur within a period length in which the 
supposed endogenous rhythm would be most likely to 


