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INTRODUCTION

It is well known by biologists, paraprofessionals and lay persons that many birds
and a variety of other vertebrates (e.g., fishes, marine mammals) migrate annually. This
means that these species make an annual round trip between their breeding and
nonbreeding ranges. In many instances the distances traversed can be measured in
thousands of kilometers and the goals at each end of the migration route frequently are
precise, with individual birds, for example, returning to the same hectare of habitat year
after year. Numerous studies involving marked animals, either banded or otherwise
individually recognizable, have documented the distances traveled, the seasonal ranges of
particular species and individuals, and the seasonal periodicity of such movements (1, 2).
The migratory ability of birds and the associated direction-finding methodologies have
been studied more thoroughly than similar behavior in other vertebrates. Most of this
review, therefore, will be devoted to the state of our knowledge about avian orientation
and navigation.

Perhaps two-thirds of temperate North America's bird species make annual round
trips between their seasonal ranges which average 2000-6000 km (3). Individuals of some
species travel much farther, and the transequatorial journeys of some shorebirds exceed
20,000 km annually. These seasonal migratory flights are weather dependent, and often
the route is broken into a series of discrete segments. Usually the journey will take
several weeks but considerable inter- and intraspecific variability exists.

Some avian species migrate nocturnally, others are diurnal migrants, and some are
capable of migrating during day or night. The altitude at which migrating birds fly varies
greatly and is related to species and weather conditions. Radar evidence indicates that
most migrants fly at elevations below 3000 meters but some, such as shorebirds and
geese, may migrate at altitudes up to about 10,500 meters (3).

Because of the nature of these feats, it follows that migratory birds must possess
some mechanism for determining and maintaining a given direction of travel. They
should possess, in other words, an internal compass which uses one or more of the
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available environmental cues (e.g., geomagnetism, stars, sun) to know and follow a
particular heading. It appears equally necessary that migrants possess some means of
recognizing where they are spatially, and the relationship between a given location and
the preferred destination; that is, for a bird to accurately navigate between two distant
points a map component seems essential. Investigators have used a variety of approaches
over the last 35 years or so to determine which of the available sources of environmental
information are used as navigational cues, how they are used, and when (seasonally or
developmentally) particular cues are used.

It is worth emphasizing that all species do not have the same direction-finding
needs and abilities. Even within a species, orientational ability may vary from season to
season, day to day, and bird to bird. For example, the orientation mechanisms used during
local foraging flights are probably different from those used during long-distance
migratory travel.

Griffin (4) described three types of homing ability which require increasingly
sophisticated mechanisms. The following homing types of Griffin (4) discern between
piloting, compass orientation, and true navigation: Type 1, or piloting, is the finding of a
goal by referring to familiar landmarks during random or systematic searches; Type 2, or
compass orientation, is the ability to orient in a given compass direction without use of
landmarks; and Type 3, or true navigation, is the ability to select a direction toward a goal
or home, thus necessitating a map and a compass.

During the 1950°s and 1960’s there was a tendency among researchers to seek a
single solution to the orientation puzzle; that is, there was a tendency to believe that a
common denominator existed and that all or most birds used the same mechanism for
orienting or navigating. When I entered the field in the early 1960’s, the findings of
Matthews (5) and Sauer (6) were heralded as solutions to the avian navigation riddle.
Matthews’ sun arc hypothesis was envisioned as the answer to how diurnal migrants
navigated, and Sauer’s findings about the use of stellar cues were considered the answer
to the question of how nocturnal migrants navigated. This is far from being the consensus
of opinion today.

Later studies revealed that the problem was much more complex than originally
believed. It became apparent that some or all avian migrants, as well as homing pigeons,
possess the ability to use more than one kind of environmental information for
orientational or navigational purposes. A system of multiple cues enables birds to
navigate under a variety of environmental conditions and in different geographical areas.
It is likely that a redundancy of cues exists which provides birds with improved accuracy
as well as flexibility. It appears that the array of cues birds may use for navigational
purposes (e.g., landmarks, wind direction, sun, stars, geomagnetism, polarized light) are
hierarchically arranged in the bird’s repertoire. Those used most regularly, possibly
because they result in higher accuracy or are more dependably available, appear to be at
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the top of the hierarchy.

Before it was generally recognized that birds had backup systems for direction
finding, investigators were besieged by contradictory evidence from similarly designed
studies. For example, controversy resulted from the inability of any other investigator to
replicate the findings of Yeagley (7), which showed that pigeons were using magnetic
cues during homing flights. This brought most studies dealing with magnetism to an end,
and it was not until about 24 years later that Keeton (8) repeated part of Yeagley’s
experiment and found that pigeons used backup cues (e.g., the sun) when the Earth’s
magnetic field was disrupted. Thus, latency in our ability to comprehend that birds might
be able to use more than a single type of environmental information for direction-finding
purposes resulted in most hypotheses dealing with geomagnetic cues being placed on the
shelf by all but a few tenacious investigators. The revival of the hypothesis that birds
possessed a magnetic compass occurred in the late 1960’s, and it came into its own
during the next decade.

In this chapter, I review the studies that have contributed to our understanding of
the avian magnetic compass, and attempt to place this method of orientation within the
hierarchy of cues we recognize as being available to birds. Although I will generalize
frequently and refer to birds as a group, it must be recognized that we have experimental
data for only a few migrant species and variations on this theme are to be expected.

This is not the first review of this subject as several authors (5, 9-19) have
included a discussion of magnetic cues as part of reviews of avian orientation or as
papers. To my knowledge only one other review has been devoted solely to the subject of
bird orientation an d geomagnetic cues (20). This chapter provides an updated review,
elaborates on some of the studies, and places in chronological or der a majority of the
contributions leading to the present, although cautious, acceptance of the hypothesis that
birds possess a magnetic compass. Evidence for a magnetically-based map is still
circumstantial, although experiments clearly show that birds are able to solve
navigational-type problems.

HISTORICAL PERSPECTIVE

Although the homing and navigational abilities of birds were not tested
experimentally until well into the twentieth century, the importance of a compass to
migrants was apparent to several nineteenth-century investigators. The likelihood that
geomagnetism served as the source of directional information was proposed by
Middendorff in 1859 (21), Viguier in 1882 (22), and Thauzies in 1898 (23). Viguier
suggested that birds could detect and measure magnetic intensity, inclination, and
declination which would provide a complex grid of the isolines. This contention was
pursued by other investigators during the next three or four decades (24-26).
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Opposition to the notion that birds could sense and use the Earth's magnetic field
for orientational purposes developed during the 1920’s and 1930’s, and the results of
experiments supported such views. Casamajor (27) and Wodzicki et al. (28) attached
magnets to the heads of homing pigeons and storks and found that this had no effect on
their homing ability. Rochon-Duvigneaud and Maurain (29) also argued against the
possibility, but on theoretical rather than experimental grounds. The opposing viewpoints
were force fully presented and as a consequence the contention that birds possessed a
magnetic compass was shelved until Yeagley (7) addressed the subject.

Yeagley’s (7) first experiment was conducted in 1943. At that time he attached
hyflux-chrome magnets (0.172 Oersted) to the underside of both wings of the
experimental pigeons. The control birds carried similarly attached copper plates of
comparable mass. Twenty pigeons (10 experimental and 10 controls) were released
singly on the same date at a site about 104 km from their loft. Eight (80%) of the controls
returned within two days following release whereas only two (20%) of the pigeons
bearing magnets returned. Notable differences also were recorded at the time each bird
was released in the homing trial. The controls showed better initial orientation with their
departure bearings deviating only 10-50 degrees from a direct line between the release
site and the loft. In contrast, the experimental birds showed deviations in headings
ranging between 45 and 180 degrees from the homeward bearing, In 1944, Yeagley (7)
released 122 pigeons in similar experiments but different methods were used for
presenting results. Rather than indicating the number of birds returning and not returning,
he summed the vectors for the pigeons used in each release. Six (75%) of the total flight
vectors supported the hypothesis that pigeons used the Earth’s magnetic field during
homing.

Yeagley (30) postulated that three factors were essential to pigeon navigation: 1)
sensitivity to the effect of flying through the vertical component of the Earth’s magnetic
field; 2) sensitivity to the magnitude of the Coriolis effect which results from a natural
relationship between the Earth’s rotational speed and the speed of an object moving over
the Earth’s surface; and 3) visual sensitivity to velocity over the Earth’s surface (ground
speed). Yeagley proposed that by correlating the results of the first and third of these
sensitivities, a bird could detect its magnetic latitude. By a similar correlation of the
second and third sensitivities, the bird would be able to detect the true latitude of its
location.

In spite of his early success, Yeagley’s contention that pigeons were capable of
using the Earth's magnetic field for orientational purposes soon encountered serious
problems. Other investigators (31-33) working with pigeons and even Yeagley himself
(34) were unable to reproduce his earlier results. In addition, studies with other species
also produced negative results (35, 36) and attempts to detect magnetic sensitivity in
birds were unsuccessful (37-47).
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The preponderance of negative results during this period contributed to the
subject being tabled by all but a few researchers. Persistent work by biologists on
invertebrates repeatedly produced results indicating that various species, ranging from
planarian worms to insects, responded to weak magnetic fields (48-52). During the
1950’s and early 1960’s, the only proponents of the magnetic compass in birds were
Merkel and his associates in Germany (53-56). These authors consistently found that
European robins (Erithacus rubecula), during periods of migratory unrest (Zugunruhe),
showed preferences for their natural migratory direction (SW in fall, NE in spring) when
tested in orientation cages in the absence of celestial cues. Birds placed in an all-steel
chamber, which had a shielding effect, were unable to maintain these bearings. The
directional choice of the birds was reinstated when the investigators generated a magnetic
field of the Earth’s intensity in the steel chamber with Helmholtz coils. The findings of
these investigators were not readily accepted because (a) the negative results produced by
attempts to reproduce Yeagley’s (7) early results convinced most researchers that birds
could not perceive magnetic stimuli, (b) a receptor for magnetic stimuli had not been
identified in birds, and (c) other investigators (57, 58) were unable to duplicate the results
reported by Merkel, Wiltschko, and their colleagues. Later, however, it was shown that
methodological problems were responsible for the inability of some researchers to
duplicate the results of Merkel and Wiltschko (55, 59, 60). The persistence of Merkel,
Roswitha, and Wolfgan Wiltschko and their co-workers forced other investigators to
seriously reconsider the possibility that birds, other than the European robin, were using a
magnetic compass during orientation.

During 1962-1966, 1 obtained the first evidence suggesting that natural
disturbances in the Earth’s magnetic field might disrupt the orientational ability of free-
flying wild birds (61). A total of 429 adult herring gulls (Larus argentatus) and ring-
billed gulls (L. delawarensis) were transported in darkened containers to locations at
various directions and distances from their breeding colony. Releases were made under a
variety of environmental conditions (e.g., clear and overcast skies) in an attempt to
determine which factors influenced homing success and speed of return. Some
individuals were radio-tracked following release. The results showed that these
experienced migrators were capable of homing under environmental conditions that were
believed to render particular, supposedly essential, cues unavailable to them (e.g., heavy
overcast obscuring solar cues) (62-66). This prompted the hypothesis that adult gulls,
because of experience gained from using a variety of cues during previous migratory
trips, possessed the ability to use more than one type of environmental information for
direction-finding purposes. If a particular type of directional information was unavailable
(e.g., the sun), they used the next most accurate method available to them. To test this
hypothesis, 56 juvenile ring-billed gulls were released at sites 11-29 km from their
breeding colony in 1964 and 1965. This was the maiden flight for each of the young gulls
as they had never flown outs ide the confines of the colony site. The departure bearings
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of these individuals was principally to the east and southeast, which was not the case for
adults of the same species (61, 67). Such headings corresponded with the direction ring-
billed gulls would take to reach their major winter range (68-70). If fledgling gulls (35+
days old) expressed preference for their future migrational bearing, it seemed possible
that even younger gulls might respond similarly. This was tested by placing ring-billed
gull chicks (about 3-20 days old) in a circular cage and plotting the route they walked
when exposed to selected environmental conditions. The results from an initial set of
trials with 294 chicks showed that they possessed an innate ability for selecting a course
sui table for reaching the primary winter range of the population (67, 70). There was no
evidence that solar cues were being used as directional information by the gulls and so
the possible effect of naturally-occurring geomagnetic disturbances was examined.

The National Geomagnetic Observatory’s K-indices were used as a measure of
magnetic disturbance. These values, ranging from 0-9, reflect the amount of disturbance
in the Earth’s field that is caused by solar flares, solar storms, and related phenomena. K-
values occurring at release times, or the mean value for the preceding 12 hours, were
compared with the responses of gull chicks to determine if the bearings selected by the
birds varied in accordance with different levels of geomagnetic disturbance. All but 8 of
the initial trials were conducted during low levels of disturbance, and it was not clearly
evident that modifications in the geomagnetic field were influencing directional
responses. Additional tests were conducted and the results from these 333 trials were
combined with the earlier data for analysis. During the second series of tests, K-values
ranged between 0 and 7, with 7 representing a moderately severe magnetic storm. At this
time, it was clearly demonstrated that although ring-billed gull chicks were able to select
a preferred bearing of SE during minor disturbances (0-3 K) in the Earth's field, they
were unable to do so during higher intensity storms (4—7 K) (71). Similarly tested herring
gull chicks (a more sedentary species than ring-billed gulls) from an adjacent colony did
not show as much disorientation as ring-billed gulls (72). There was , however, a
difference between the mean directional preferences of the experimental and control
birds, and the experimental group al so showed greater variance in the direction chosen.
Moore (72) concluded that magnetic stimuli altered but did not completely disrupt
herring gull chick orientation. Later ring-billed gull experiments involving magnets and a
magnetically-shielded room (Earth’s field reduced by a factor of 25) also produced
disorientation. Results from trials using Ruben’s coils to simulate the Earth’s field within
the shielded chamber were inconclusive because of lighting and ventilation problems
within the apparatus (73).

Keeton et al. (74) examined the directional tendencies of pigeons during periods
of naturally-occurring magnetic disturbances. The results showed a significant inverse
correlation with K-values. Since most of the magnetic fluctuations during their releases
were less than 70 gamma, Keeton et al. (74) concluded that the sensitivity of pigeons to
magnetic cues probably approached that already demonstrated for honeybees (0-300
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gamma) (75). In contrast, ring-billed gulls did not exhibit disorientation prior to
disturbances measuring about 500 gamma (K=4) (73).

As the body of evidence grew in support of birds being able to derive directional
information from the Earth's magnetic field, other investigators became interested. Old
approaches were retested, and new methodology was applied. Keeton (8, 76) replicated
Yeagley’s (7, 30) experiment by placing magnets on the backs (instead of the wings as
done by Yeagley) of experimental pigeons and brass weights on the controls. In contrast
to Yeagley, however, Keeton also considered sky condition at the time of release. He
found that both the experimentals and controls oriented homeward when released under
sunny conditions. But when the experimental and control birds were released under
overcast conditions, the controls oriented homeward but the experimentals usually
departed randomly. This was the first solid experimental demonstration of the possible
redundancy of cues, i.e., that birds could use both solar and magnetic cues. Young
untrained pigeons wearing magnets were unable to orient homeward under either clear or
overcast conditions, suggesting that (a) young pigeons are de pendent upon a magnetic
compass, and (b) the sun compass develops through experience. Keeton and Gobert (77)
concluded that inexperienced pigeons required both sun cues and magnetic cues to orient
homeward. This also may be the case with young ring-billed gulls (78, 79).

Other studies during the 1970’s supported the contention that birds indeed must
be capable of perceiving the Earth’s magnetic field and using it as a compass. Walcott
(80) equipped pigeons with two small Helmholtz coils, one glued to the top of the bird’s
head and the other around its neck. The power supply was attached to the bird’s back.
This arrangement produced a magnetic field of approximately 0.1 gauss between the coils
in the vicinity of the bird' s head. Experimental birds exhibited vanishing bearings under
sun that were usually more scattered than bearings of control birds wearing an
unenergized set of coils. Larkin and Keeton (81) compared the responses of pigeons with
attached magnets and those with brass weights during periods of natural magnetic
disturbance. Both magnets and natural disturbances caused pigeons to shift their bearings
slightly to the left. Following these results, Larkin and Keeton concluded there was a
direct cause-and-effect relationship between fluctuations in the Earth’s magnetic field and
the variations in initial bearings of pigeons.

Particularly important were the results from the continuing and increasingly
refined studies of W. Wiltschko and his colleagues. These studies indicated that European
robins and Old World warblers (Sylvia spp.) showed oriented nocturnal migratory activity
(Zugunruhe) in a seasonally appropriate direction even when deprived of vision of the
natural environment (e.g., stars or sun), provided they were exposed to a magnetic field
comparable to that of the Earth (82-93). Working in cooperation with the Wiltschkos,
Emlen et al. (60) found that indigo buntings (Passerina cyanea) were able to orient in the
appropriate migratory direction when exposed to a minimum of visual cues and normal
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geomagnetic stimuli. When the horizontal component of the magnetic field was deflected
clockwise 120° with Helmbholtz coils, the buntings shifted their orientation clockwise.
Emlen et al. (60) concluded from these results that indigo buntings are able to detect the
Earth’s magnetic field and to use the resultant information in determining their migratory
direction.

It is particularly difficult to design studies that will test for the effects of naturally
occurring geomagnetic disturbances on free-flying migrants. Such studies, however, are
extremely important. Moore (94) provided the first direct visual evidence that the
orientation of free-flying nocturnal migrants was affected by natural fluctuations in the
geomagnetic field. He found that the variability in flight directions of nocturnal migrants
was significantly correlated with increasing geomagnetic disturbance as measured by
both the K-index and various components of the Earth’s magnetic field. As with all
studies involving modifications in the geomagnetic stimuli birds receive (superimposing
other fields with magnets or coils), these results do not show conclusively that birds use
geomagnetism as an orientational cue. They do show, however, that disturbances in the
Earth’s field are in some way detected by birds and that in response they alter their
direction of travel. Intuitively, it would make sense for migrant birds, which are
specialized for long-distance travel, to have evolved filters for weak background
disturbances (such as magnetic fluctuations measuring up to perhaps 1000 gamma) that
affected the efficiency of migration. The fact that they have not done so suggests that this
type of environmental information is important to them rather than being solely
disruptive. The evidence available makes attractive the assumption that the Earth’s
magnetic field provides information essential to the avian compass or to the apparently
necessary navigational map.

Ontogenetic studies involving young inexperienced migrants or homing pigeons
have the potential for showing the innate ability of birds to orient or navigate. Such
studies are based on the premise that young birds have a programmed directional choice
or they develop an early attachment for the home loft. Studies have shown that the young
of a number of avian species show apparently innate preferences for seasonally
appropriate migratory bearings, although the goals at the ends of such routes must be
learned (9, 61, 70, 95, 96). I demonstrated that the directional preferences expressed by
young ring-billed gulls (preflight chicks and first-flight juveniles) corresponded to the
bearing appropriate for reaching the winter range of the population of gulls studied (70).
Selection of these bearings was influenced by changes in the Earth’s magnetic field
(magnetic storms) and by induced fields (magnets), and I proposed that young ring-billed
gulls first used a magnetic compass and then developed an ability to use other
environmental information to establish redundancy in the system and to increase
accuracy (70, 71, 78, 79, 97). The relationship between the magnetic compass and cues
learned during development were presented as a model (97).
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Wiltschko et al. (98) have shown that the magnetic compass is involved in the
learning process associated with establishment of the sun compass, but as yet they have
not been able to unravel completely the complex relationship that apparently exists.
Existence of the sun compass is well documented (15); the mechanism, which is based on
a relationship between sun azimuth, time, and geographic direction, is learned rather than
being innate. The magnetic compass is used by young pigeons before the sun compass is
established, and it apparently provides the basis for the sun compass’ geographic
component which develops through experience (99-103). A similar mechanism has been
reported for night-migrating birds wherein the star compass is influenced by, and
possibly calibrated by, information obtained from the Earth’s magnetic field (104). The
evidence produced by R. Wiltschko and W. Wiltschko (105) demonstrates that the most
important orientation mechanism during the first flights by young pigeons is the magnetic
compass. Their studies show that young inexperienced pigeons use route reversal to find
their way between an unfamiliar release site and the home locality. This means the birds
use the magnetic field to determine the direction of the outward journey, and for
determining the home direction upon release. Pigeons transported in a distorted magnetic
field apparently were unable to obtain the necessary information while en route. Magnets
attached to the pigeons upon release also caused disorientation.

The magnetic compass enables birds to establish and maintain a course but it does
not provide them with the “map” component of a navigational system. This apparently is
based upon learned information (106). Studies by Beck and Wiltschko (107, 108) with
pied flycatchers (Ficedula hypoleuca) show that the magnetic compass develops
independent of any exposure to the sky, and that it provides an adequate mechanism for
selecting the migratory direction. Selection and maintenance of a migratory bearing are
two separate and independent processes. Determination of a particular bearing is
dependent upon a compass, in this case the magnetic compass, but maintenance of a
direction strongly depends on the presence of other cues such as stars in the case of
nocturnal migrants (93). The stars do not contain directional information in themselves,
but they are secondary sources of orientation when information from the magnetic field
has been transferred to them (88). In situations where information provided by stars and
experimental magnetic fields was contradictory, the garden warbler (Sylvia borin)
selected its bearing according to information provided by the altered magnetic field (96).
This suggests that the magnetic compass is of primary importance to this species. Rabol
(109), on the other hand, considered any tendency for sylvilid warblers to use the Earth’s
magnetic field for orientation in the absence of stellar cues to be weak at best. It seems
that we are far from being able to weigh the various cue systems with respect to their
relative importance within a species, let alone among species.

A considerable amount of evidence indicates that at least some birds apparently
possess a magnetic compass. But if they do, work by W. and R. Wiltschko (86) suggests
that the avian compass is functionally different from the mechanical device familiar to
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humans. The magnetic compass of the European robin does not use the polarity of the
Earth’s magnetic field for detecting north. Instead, the robins derive north direction from
interpreting the inclination of the axial direction of the magnetic field lines in space, and
then taking the direction on the magnetic north-south axis for north where the field lines
and the gravity vector form the smaller angle. The involvement of gravity (or some other
secondary reference point) in the system is essential if a bird is to determine where north
is along the north-south axis of the magnetic field lines. Such a mechanism would
provide birds with a highly flexible direction-finding system as it would be able to adjust
to the varying intensity ranges encountered geographically in the Earth’s field.

The magnetic compass described by Wiltschko (82) is not consistent with what
would be expected on the basis of the findings of Southern (71, 78, 79), Keeton (10),
Moore (72), and Wagner (110). Magnetic storms and magnetic anomalies involve only
small distortions in the total magnetic field, yet both events have been shown to affect
orientation by pigeons, gulls, and migrating passerines. Wiltschko (82) contends that
changing the intensity of the magnetic field by as much as 10% had no effect on the
orientation of captive European robins. Since the field changes reported during
geomagnetic storms or at anomalies were less than 10%, the possibility exists that the
effects reported by myself (61, 67) and the others were not the result of the magnetic
compass being disrupted (82). If such high sensitivity to geomagnetism is not an essential
component of the avian magnetic compass, what role does magnetism play in the
orientation or navigation process? This brings us to the possibility that geomagnetic
information also may play a role in the experimentally elusive map that is essential to
true navigators.

Walcott (111) suggested that the Earth’s magnetic field could provide at least
some information about position and hence contribute to the avian map component (i.e., a
grid of coordinates). Objections to such a contention were raised in response to Yeagley’s
(30) conclusion that pigeons used a grid of latitudinal and longitudinal lines produced by
the geomagnetic field and Coriolis effect. Similar objections also have been raised more
recently by Kreithen and Keeton (112), Griffin (113), and Schmidt-Koenig (15). Several
studies, however, have made the possibility of a map based on geomagnetic information
worthy of further consideration (114). Much of the disagreement about this possibility
has centered on the relative lack of physiological evidence indicating that pigeons or
other birds actually are sensitive to magnetic stimuli. To date, a magnetic receptor has not
been identified in birds and most of the data pointing to the existence of such a capability
are from behavioral studies.

Because pigeons and some migratory birds apparently respond to small changes
in the Earth’s magnetic field (see studies dealing with K-values and anomalies), Walcott
(111) suggested that these effects possibly were the result of the navigational map having
a magnetic component. If this is correct, these effects provide a measure of avian



EARTH'S MAGNETIC FIELD AS A NAVIGATIONAL CLUE 33

magnetic sensitivity. The angular deviations reported by myself (67, 73, 79) and Keeton
et al. (74), and the magnetic anomaly results suggest that a change in field strength of
about 10 gamma is detectable by birds (111). This would provide the map resolution (1-
mile accuracy) proposed by Schlichte and Schmidt-Koenig (115) and Schmidt-Koenig
and Walcott (116). Walcott (111) also pointed out that there is roughly a 10 gamma/mile
change in the Earth’s magnetic field strength which could provide positional information.
Perception of these subtle differences in field strength indeed could contribute to the map
component but the results of studies designed to test for such ability have done little to
resolve the problem.

Another, but even less convincing, possibility has been proposed by Wallraff and
Foa (117). They concluded that olfaction was an integral part of the pigeon’s navigation
mechanism, but anosmic birds that showed rudimentary homeward orientation relied on
magnetic cues. There is, however, only circumstantial evidence showing that birds, other
than the domesticated homing pigeon, may be capable of navigating over long distances
by olfactory cues. Furthermore, the evidence for pigeons navigating by this means is far
from convincing (118). Some birds, however, use olfaction during foraging activities
(e.g., vultures, shearwaters) and possibly for recognizing their home locality (e.g.,
petrels) (119, 120).

GEOMAGNETIC SENSITIVITY AND THE SEARCH
FOR A RECEPTOR

The results from four studies at the organ or cellular level suggest that pigeons
may be able to perceive magnetic stimuli, but studies reporting negative results also exist
(44, 47, 58, 121, 122). Reille (123) reported successful cardiac conditioning to a field
intensity of 0.8 Oersted. Yakovleva and Medvedeva (124) also reported conditioning of
the heart but at much higher intensity magnetic fields (520 Oe), which makes their results
of questionable relevance to the orientation question. Bookman (125, 126) used a
different approach to test for sensitivity to Earth-intensity field strengths. A Y-maze was
installed in a metal room which reduced the natural field intensity to about 0.02 Oe.
Pigeons were trained to travel a flight tunnel and select the compartment containing food.
The absence or presence of food was linked with a 0. 5 Oe magnetic field produced by
Helmholtz coils. Some birds discriminated between the presence and absence of the
magnetic field. These individuals fluttered rather than walked down the tunnel, and
correctly selected the part of the maze with an Earth-intensity magnetic field.

The results from these types of studies have not shown conclusively that birds
possess a sensitivity to magnetic fields because: (a) only a small proportion of the sample
tested responded positively (e.g., Bookman’s study), and (b) other investigators (e.g.,
Kreithen and Keeton) (112) have failed in their attempts to replicate the results from
some of the conditioning experiments (e.g., Reille’s). One piece of evidence, however,
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suggests that with improved methodologies investigators may be able to determine
conclusively whether or not magnetic sensitivity exists in potential receptor sites. Semm
et al. (127, 128) reported that the firing rates of some cells in the pigeon’s pineal organ
were altered when exposed to Earth-strength magnetic fields. The remaining evidence
pointing to a sensitivity to magnetic stimuli is indirect, being based on results from
studies wherein birds were subjected to fields produced by magnets or coils (8, 71, 78,
79, 129, 130), naturally-occurring magnetic anomalies (110, 131-135), or man-made
electromagnetic disturbances (136, 137).

Many of the objections to the idea that birds can use geomagnetic cues for
orienting or navigating stem from the fact that a receptor for magnetic stimuli has not
been described. Studies of some non-avian species, however, have shown that the
existence of such a receptor in birds is possible. Three methods of magnetic-field
detection by living organisms have been described (138): (a) induction; (b) the presence
of some type of paramagnetic material that will react to the geomagnetic field; (c) the
existence of permanent magnets, such as magnetite particles, that will align them selves
with the earth’s magnetic field.

Induction occurs in some marine fishes. Kalmijn (139-142) described how sharks
locate prey through electroreceptors (143) which register current flow generated by the
prey (a conductor) passing through the Earth’s magnetic field. The ability of skates to
sense magnetic stimuli per se was suggested by Kalmijn’s successfully training
individuals to select a hiding place in a laboratory tank on the basis of stimuli from the
Earth's magnetic field (141, 142). These studies do not prove that elasmobranchs are
using the induction process for orientation, however, as they do not rule out the
possibility of some yet unknown magnetic detector system (111). The induction strategy
represents a difficult approach for terrestrial vertebrates since they are not immersed in
saltwater which serves as the return current path for sharks (134).

Search for an avian magnetic receptor was revitalized by the discovery that mud
bacteria contain small magnetic inclusions of magnetite ( FesO,) which act as single
magnetic domains and result in the organisms being magnetotactic (144-149). These
bacteria contain a chain-like alignment of magnetite particles (referred to as
magnetosomes) which function as a compass. The cellular inclusions cause the organism
to orient in the same direction as the lines of force of the geomagnetic field. Torque
exerted on this biomagnetic compass by the magnetic field passively steers the swimming
bacterium, and the field’s inclination directs it down into the mud substrate. In the
southern hemisphere, the bacteria’s magnetic polarity is reversed, thereby producing the
same relationship between the compass and the behaviorally relevant direction of
orientation (145, 150, 151). The earlier report of magnetite in the radula of chitons (152),
however, also should alert investigators to the possibility that this dense substance may
be used within organisms for functions totally unrelated to orientation (153).
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Positive results have been reported from some of the searches for iron-rich
particles, magnetite or precursors thereof (e.g., hydrous iron oxides) in other animals.
Gould et al. (138) and Kuterbach et al. (154) reported such substances in honeybees, and
similar discoveries have been made in vertebrates, such as pigeons (155, 156) and
dolphins (157). The magnetite-containing tissue of pigeons was found, by using a
magnetometer, on the inner surface of the dorsal cranium in an area just posterior to the
orbits (156), but a later effort to expand upon this discovery produced only negative
results (158). Changes in methodology again produced positive results. Stained serial
sections of the pigeon’s head were examined from the beak posteriorly. This approach
thus far has revealed three major sites in the head with iron-containing tissue. The
locations of the sites are: (a) the harderian gland which is positioned medial to each eye
within the orbits; (b) the base of the beak; and (c) a sheet of cells more centrally
positioned in the brain near the olfactory lobes (158).

The eye pecten, an intraocular pleated and highly vascular structure, has been
suggested as a possible magnetic sensor (159), but this possibility has been ruled out in at
least one species by de tailed his to logical examination of the pecten’s ultrastructure and
the absence of magnetite-containing cells (160, 161).

The search goes on to identify structures that may serve as the receptor of
geomagnetic stimuli in birds. At this time, the search is concentrating on the head region
and some positive results to date justify this approach. The finding of magnetite in
pigeons has provided the first solid evidence that a potential component of a magnetic
compass exists in vertebrates. Still lacking, however, are physiological data showing that
these structures are indeed functioning as receptors. The results from mud bacteria
suggest that magnetite-containing cells could function as a magnetic compass in birds,
but the map component of the navigational system remains as elusive as ever.

MAGNETISM AND OTHER VERTEBRATES

A number of studies with fishes, in addition to those previously mentioned, have
demonstrated responses to magnetic fields (162-167). Amphibians also have shown an
ability to perceive magnetic stimuli. Phillips (168) trained salamanders to respond
directionally according to geomagnetic stimuli and Phillips and Adler (169) documented
magnetic sensitivity in two species of salamander. There is also evidence that reptiles are
sensitive to magnetic fields. Rodda (170-172) concluded that alligators are not only true
navigators, but that they use a geomagnetic map to select homeward directions when
displaced. A few reports also indicate that mammals, ranging from rodents (173, 174) to
humans (175, 176), are capable of perceiving and orienting by geomagnetic cues. The
results reported for humans have been subjected to criticism as other investigators have
been unable to duplicate the findings (e.g., Gould and Able) (175-177). Such controversy
is not new, however, as it has existed in the bird literature for decades. As has been
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clearly shown for birds, it may be counterproductive to immediately dismiss evidence
showing an effect in a carefully designed experiment simply because another investigator
has been unable to reproduce the findings. Methodologies appear to be extremely
important in this field, and subtle changes in apparatus or treatment of subjects have been
causes for some of the disagreement.

The amount of evidence for these non-avian groups is small compared to what is
available for birds. It is impossible, therefore, to pass judgment on the importance of
magnetism in the orientation and navigation of representatives of these groups. It is
interesting, however, that the apparent ability to perceive and use geomagnetic
information appears to be so widespread. This suggests the ability may have been
essentially universal among vertebrates at some point in their evolutionary history, but
that the degree to which it is used today is contingent upon their orientational
requirements. Long-distance migrants may have evolved increasing dependence upon
supplemental cue types (e.g., sun, stars), particularly those which enhance efficiency,
thereby obscuring the underlying sensitivity to geomagnetism and the magnetic compass.

CONCLUDING REMARKS AND SUMMARY

Almost 40 years have passed since Yeagley’s (7) first publication on the subject of
pigeons navigating by geomagnetic cues. We have gone full circle since then with respect
to our willingness to accept the possibility that organisms can perceive and use
geomagnetic information. Critical examination of the literature on the subject, with its
contradictions and ambiguities, leads one to conclude that the road to scientific truth
often is serpentine.

In the foregoing sections I have emphasized the positive results and provided the
picture of a developing consensus favoring: (a) a great variety of organisms being able to
perceive the Earth’s magnetic field, (b) representatives from several major taxa having a
magnetic compass, and (c) the magnetic field, in some way, possibly influencing the map
component of the avian navigational system. Much of the available evidence strongly
supports the first two possibilities, with the third being less well documented. The riddle
of how birds navigate and the actual role of geomagnetism in the process is far from
being answered (16). There are reasons for being cautious about accepting some of the
more prevalent views until more evidence becomes available.

The consistent results which the Wiltschkos have produced over the years would
appear, at first glance, as a breakthrough toward solving the avian orientation riddle. The
findings, however, have not been readily accepted by ornithologists, either justly or
unjustly. The cautionary approach of investigators is based on: (1) the difficulty others
have had in replicating the results; (2) the statistical methods that are required to show
positive effects; (3) the absence of conclusive physiological evidence showing that birds
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have a magnetic receptor; and (4) the tendency of the Wiltschkos to place the magnetic
compass in the dominant position in the hierarchical arrangement of orientational cues.
As a result, the mood appears to be that of tolerance rather than acceptance of the
contention that birds are navigating by geomagnetic cues. Ornithologists are closer to
agreeing on the existence of a magnetic compass which would establish a bird’s general
direction of travel during migration (i.e., orientation) than they are to accepting
geomagnetism as the basis for a true navigational ability in birds (i.e., the basis for both
the compass and map components). But until more comparative studies are conducted, so
as to provide a broader species base for the apparent ability to orient by geomagnetic
cues, the uncertainties will persist.

A brief discussion of some of the concerns that have been raised appears in order.
Firstly, when tests similar to the Wiltschko’s are conducted in other than their exact cage
design, or if the perch arrangement within the cage is different, negative results usually
are obtained (57, 178). Positive results appear possible only if the cage is eight-sided and
has radially aligned perches. If perch arrangement is tangential, for example, other
researchers (179) have been unable to replicate the Wiltschko’s findings. Why should
cage design be so important in such tests unless the cage itself is contributing to the
responses obtained? This question has been raised repeatedly, and no accept able answer
is available although other investigators who have switched to Merkel and Wiltschko’s
cage design or collaborated with the Wiltschkos have obtained comparable results at
other locations.

The second, and potentially more serious problem, pertains to the statistical
procedures necessary to show positive effects in Wiltschko-type experiments. It is
necessary to pool data and the practice used is to calculate nightly means for birds tested,
and then to group these means and calculate a grand mean (3). This procedure of using
second-order statistics obscures how individual bird s respond, and high variance around
such grand means is usually ignored. It is difficult to envision directional preferences
(i.e., orientation) which are so weakly expressed that they can only be documented in this
manner (i.e., second-order means) being useful to migratory birds. Evidence pertaining to
the effects of naturally-occurring magnetic disturbances (e.g., storms and anomalies),
however, has relied upon first-order means, suggesting that naturally occurring changes
in the Earth’s magnetic field have a more pronounced effect on orienting birds than the
methods used by the Wiltschkos. Until the magnetic compass they propose is
documented by other methods and in other species, it must be accepted with reservation.

Other types of problems are associated with some of the research approaches, and
these have been reviewed by others (20). One group of problems relates to magnetic-field
characteristics. Ossenkopp and Barbeito (20) aptly point out that over the years
investigators have used two approaches; one assumes that the stronger the stimulus, the
stronger the response, whereas the other attempts to simulate the Earth’s field
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characteristics as closely as possible and looks for more subtle effects. It is possible that
high-intensity fields may stress systems other than, or in addition to those associated with
orientation thereby camouflaging any possible effect on direction-finding ability. The
point is that the right stimulus must be used to test for a specific response or effect.
Another set of problems is associated with the physiological or psychological state of the
organism being tested. Emlen (180) and others have shown that orientation behavior
changes according to the endogenous state of the organism. Failure to take this into
account can lead to tests and results that do not accurately address the question being
asked. Similarly, I found that the homing tendencies of individual gulls was influenced
by their reaction to the test procedures themselves (61). Some individuals that were
trapped and released, but not transported away from their nesting colony, showed
tendencies similar to those usually used as measures of homing success. For example,
some immediately abandoned their nest sites (this would equate with unsuccessful
homers), others disappeared for several hours (slow homers), and some returned
immediately to their nests as if nothing had happened (rapid homers). It can be
misleading, therefore, for investigators to assume that the quantifiable responses of their
test subjects are solely in reaction to the variable for which they want to test. In other
words, control subjects are required. These types of design problems were more frequent
in the past than they are now, but they must be placed in perspective when reviewing and
evaluating the published accounts.

If we accept the precautionary stance which seems appropriate at this time, where
does this leave us with respect to understanding the role of geomagnetic cues in
vertebrate orientation? In the case of birds, the answer seems to be that it leaves us in a
state of turmoil (16). It is now widely accepted that birds are capable of using a
multiplicity of environmental information for orientational purposes. This realization was
a significant advancement, but it also made it more difficult to design ways of testing for
the importance of specific cues. The list of types of environmental information that could
provide for redundancy in the system is lengthy, including the sun, stars, wind, odors,
magnetic field, infrasound and landmarks (16). Not only is it possible that such cues may
be used alternately for direction-finding purposes, but the use of two or more could be
integrated in some way so as to improve accuracy. The difficulties that have been
encountered have greatly slowed advances in this field during the 1980°s. A possible
contributor to the slowdown may have been our overreaction to the possibility that
multiple cues are used by some birds. It may be that we have lost sight of the forest
because of the trees.

The results from homing and migration studies indicate that an array of avian
species is capable of solving navigational-type problems. At this point in time, however,
it is impossible to describe the complete mechanism that enables any bird to accomplish
such feats (for reviews of the role of various cues see (3, 16)). The likelihood that
magnetism plays an integral role in the orientation of some avian species is supported by
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a number of studies discussed in this review. It remains to be discovered whether this
apparent ability to sense and use geomagnetism is widespread among species and, if so,
how they actually perceive and process such information.
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