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Cetacean stranding sites have been Iinked to the presence of local magnetie anomalies 
in several widely-separated geographie areas, incIuding the eastem coast of North Ameriea and 
the British Islands. Previous studies of this sort have been hampered largely by inadequate 
survey data for the magnetic field, as weil as by incomplete records of cetacean stranding 
events. A major improvement in the geomagnetic anomaly data available for these studies has 
been the 1988 publication of the geomagnetic anomaly map of North Ameriea compiled by the 
Geological Society of America, and its subsequent publie release in digital form. Compared 
with the records of cetaeean live stranding events compiled by the Smithsonian Institution in 
Washington, D.C., these new magnetic anomaly data more than double the number of live 
stranding events in the Uni ted States which fall within the boundaries of geomagnetic surveys. 
These new data add further support to the hypothesis that cetaceans possess a geomagnetic 
sensory system comparable to that in other migratory and homing animals, and are consistent 
with previous suggestions that features of the geomagnetic field, in partieular the marine 
magnetic Iineations, play an important role in the long-distance navigation of marine mammals. 

INTRODUCTION 

A1thmigh migratory animals often display an uncanny ability to find their way over long 
distances of featureless terrain, how they navigate or pilot during these joumeys remains a 
mystery. From behavioral and neurological studies conducted during the past 40 years, a wide 
range of different sensory modalities have been implicated or suggested as guidance mech­
anisms. These incIude the use of a sun compass (Kramer, 1952), a star compass (Sauer, 1957), 
skylight polarization (Kreithen and Keeton, 1974a), odor (Papi et al., 1972), infra-sound 
(Kreithen and Quine, 1979), UV-Iight (Kreithen and Eisner, 1978), electric fields (Kalmijn, 
1974) and magnetism (Keeton, 1972; Walcott and Green, 1974). Few of these eues are avail­
able to aquatic animals, yet they too make accurate joumeys across apparently featureless seas. 

The question of whether or not geomagnetie stimuli were involved in the ability of 
organisms to find their way, or indeed, whether or not such sensitivity exists at all in animals, 
has been one of the most controversial topics in the field of animal behavior. Initial objections 
to the suggestion of geomagnetic sensitivity in animals were based on the apparent laek of this 
sense in humans, and on the lack of any known biophysical meehanism eapable of transducing 
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the weak geomagnetic field to an animaIs' nervous system (Griffin, 1944). Furthennore, many 
of the early behavioral results suggesting geomagnetic sensitivity were rather weak and difficult 
to reproduce (e.g., Kreithen and Keeton, 1974b; Griffin, 1982). However, the discovery of the 
magnetotactic bacteria (Blakemore, 1975) and of their 'biological bar magnets' (linear chains 
of membrane-bound, single-domain crystaIs of magnetite [FeP41, Frankel et al., 1979; Balkwi\1 
et al., 1980) provide c1ear examples of both geomagnetic sensitivity in a living organism, as we\1 
as a simple and elegant biophysical mechanism for transducing the geomagnetic field to the 
nervous system. In theory at least, the magnetite from a sin"le bacterial magnetosome chain 
could provide a whale with an extraordinarily good geomagnetic compass receptor, although 
several million such organelles would be necessary to provide them with sensitivity adequate 
for the detection of geomagnetic anomalies at sea (Kirschvink and Gould, 1981). 

Research in several separate fields during the past 5 years has provided a greater 
understanding of the geomagnetic sensitivity in living organisms. First, recent work has 
demonstrated that the magnetite fonned by pelagic [lSh (e.g., Walker et al., 1984) is present 
in chains of single-domain magnetosomes, indistinguishable in many respects from those present 
in the magnetotactic bacteria (Kirschvink et al., 1985; Mann et al., 1988; Walker et al., 1988). 
The magnetite appears to be localized within the dennethmoid complex in a diverse variety of 
vertebrates (e.g., papers in Kirschvink et al., 1985). In the yel\owfin tuna (Thunnus albacares) 
the tissue containing the single-domain magnetite also contains abundant axons and celIs 
containing primary cilia which appear suitable for a role in magnetoreception (Walker and 
Kirschvink, unpbl.). Second, the paleontological record of the magnetotactic bacteria can be 
traced by the presence of the fossilized magnetite crystaIs in sedimentary rock (Kirschvink and 
Chang, 1984; Stolz et al., 1986; Vali and Kirschvink, 1989) these 'magnetofossiIs' have been 
recovered from sediments nearly 2 x 109 years old, which predates the origin of the eukaryotic 
cel\ (Chang and Kirschvink, 1989). This evolutionary history coupled with the wide phyletic 
diversity of magnetite biomineralizing organisms (3 of the 5 Kingdoms of living organisms, 
Lowenstam and Weiner, 1989) led Chang and Kirschvink (1989) to suggest that the magneto­
tactic bacteria were involved in the endosymbiotic origin of the eukaryotic cel\. In turn, this 
suggests that magnetoreception may have been one of the most ancient sensory systems to 
evolve, and that organisms which apparently lack this sense may be relatively rare species (e.g., 
Homo sapiens) which have, for same reason, lost the ability. 

The third and perhaps the most important advance in the understanding of how 
geomagnetic sensitivity works in animals has come from the development of robust psycho­
logical conditionin" techniques to train animaIs to respond to weak magnetic fields in laboratory 
environments. Walker (1984) initial\y discovered that yel\owfin tuna, Thunnus albacares, can 
be trained to discriminate the presence or absence of weak magnetic field gradients in large 
saltwater tanks using a c1assic reward/punishment scheme, but this training required several 
months per [lSh. In aseries of recent papers, Walker and Bittennan (1985; 1989a,b,c) and 
Walker et al. (1989) report that similar techniques work extraordinarily wel\ with honey bees, 
Apis mellifera, and that individual bees can be trained to respond to smal\ magnetic anomalies 
during the course of only a few hours. Once established, the magnetic discrimination behavior 
of individual bees can be maintained for several days, which is ample time for a variety of 
psychophysical experiments to be perfonned. These training techniques are simple to perfonn, 
and several have been replicated independently in the author's laboratory (Kirschvink and 
Kirschvink, 1991). Two major results from these experiments inc1ude the measurement of the 
threshold sensitivity of the honeybee magnetoreceptor system and the rough localization of the 
receptors by mounted magnets. Threshold sensitivities were measured by progressively reducing 
the strength of an anomaly and finding the point at which the bees would loose the ability to 
find it. The median threshold value reported by Walker and Bitterman (1989b) is an anomaly 
of 0.6% of the ambient background (c.a., 250 nanotesla [nT] in the Hawaiian background field 
of about 42,000 nT). Several bees, however, maintained their ability to distinguish the presence 
of the anomalies at fields as low as 0.06% of the background, implying physiological threshold 
sensitivities of at least 25 nT! It is important to note that these values are within the range 
needed for migrating and homing animals to use magnetic anomalies or regional gradients in 
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the geomagnetic field for navigation or piloting (e.g., Kirschvink and Walker, 1985). This 
extraordinary sensitivity also is consistent with a variety of correlational studies on honey bees, 
pigeons, and cetaceans (Keeton et al., 1974; Lindauer, 1977; Walcott, 1978; Kirschvink et al., 
1986) which imply a similar sensory ability. Using conditioning experiments combined with small 
magnetized wires glued at various places on the bees, Walker and Bitterman (1989a,b) were 
able to demonstrate that the magnetoreceptors are located somewhere in the vicinity of the 
anteriordorsal abdomen, as this was the only location they found where the wires interfered 
with the animal's ability to detect magnetic stimuli. This location is far from the visual 
receptors in the head which have proposed as a possible site for an optical-pumping 
magnetoreceptor (Leask, 1977), but is very close to the location of the biogenie magnetite 
discovered by Gould et al. (1978). 

Although these are dramatic advances in our understanding of how magnetoreception 
works in animals, they da not tell us why geomagnetic sensitivity is important, particularly for 
homing and migratory organisms. This question is best approached by comparing observations 
of an animal's behavior with the spatial or temporal variations in the geomagnetic field, as has 
been done in previous analyses of cetacean stranding 1c>Cations (e.g., Klinowska, 1985a,b; 
Kirschvink et al., 1986) or their sighting observations at sea (Walker et al., 1986 and in review). 
This type of analysis, however, depends entirely upon the availability of dense geophysical 
survey data, as well as detailed observations of animal sighting or tracking observations within 
the same geographical area. Until fairiy recently, the largest, publicly available body of digital 
magnetic anomaly data was from the United States Geological Survey's U.S. Atlantic Continen­
tal Margin study (Grimm et al., 1982), with a gridded pixel (picture element) spacing of 0.036°, 
or a square of about 4 km per side aligned along the latitude and longitude grid. A previous 
comparison of cetacean live stranding locations within the area of these da ta demonstrated that 
many species tend to strand at coastallocations with pronounced negative geomagnetic anoma­
lies (Kirschvink et al., 1986), confirming the initial observation of Klinowska (1985a) of a 
similar tendency in the live stranding records from the United Kingdom. Walker et al. (1986) 
also combined these data with the extensive sighting observations of fin whales (Balaenoptera 
physalus) from the Cetacean and Turtle Assessment Program (CETAP) data base from the 
U niversity of Rhode Island, and discovered similar tendencies for migrating whales to seek local 
geomagnetic minima, suggesting that they were using these features as part of their navigational 
map. 

Unfortunately, the USGS aeromagnetic data set only covers the continental shelf and 
shoreline interval from Cape Canaveral, F10rida through Cape Cod, Massachusetts, and there 
are many gaps in the data and places where the shoreiine wanders in and out of the mapped 
area (Kirschvink et al., 1986). For the analysis of strandings, fewer than half of the well­
documented live stranding locations along the U.S. coastline fall within the boundaries of this 
survey. Realizing the interdisciplinary scientific utility of large geophysical data bases, however, 
the Geological Society of America created, as part of its DNAG (Decade of North American 
Geology) project, a special working group to assemble a11 magnetic survey data now available 
for the entire North American continent, with the goal of compiling a coherent magnetic 
anomaly map of North America. As discussed below, this new data base covers most of the 
continental and offshore area of the U.S. with a pixel spacing of roughly 2 x 2 km. In this 
present study, Ireport results from areanalysis of the U.S. stranding record data used in our 
previous study (Kirschvink et al., 1986) with this new DNAG data base. With over twice as 
many live stranding events included in the analysis, results of this study confirm previous results 
that many cetacean strandings occur at localities associated with negative geomagnetic 
anomalies. 

METHODS AND DATA 

All analyses used in the present work are patterned after those used by Kirschvink et 
al. (1986), except for improvements in the geophysical and stranding bases. These differences 
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are discussed separately with regard to the magnetic, stranding, and coastline data in the 
following sections. 

Magnetic Data base 

As mentioned above, the DNAG project has compiled an exhaustive map of the 
magnetic anomalies measured in various portions of the North Ameriean Continent. The maps 
were compiled from the raw data obtained from a variety of public and private aeromagnetic 
surveys, as weil as sea-surface magnetometer records obtained by marine research vessels. As 
these surveys differ greatly in terms of their track spacing, measurement densities, elevation, 
and date, it was necessary for the DNAG group to massage the data slightly to minimize 
boundary misfits between adjacent or overlapping survey areas. All of the original survey data 
were corrected with the new Definitive Geomagnetic Reference Field model (DGRF), also 
produced by the U.S. Geophysieal Data Center, and scaled Iinearly to minimize the mismatch 
for adjacent areas and to fit the surveys to a common elevation surface. Visual examination 
of the new data base shows that the survey boundary mismatches are relatively small (usually 
less than 50 n1). Use of the new DGRF models has eliminated most of the problems asso­
ciated with large-scale regional anomalies, whieh were of concern in our previous study along 
the U.S. east coast (Kirsehvink et al., 1986), and was the reason for our extensive use of 
Monte-Carlo simulations to check the accuracy of the t-tests described below. Corrected 
residual magnetic anomaly data for all surveys were mapped onto a gridded surface using a 
Universal Transverse Mercator (UTM) projection centered on the 100" W longitude meridian, 
with approximately a 2 x 2 km pixel spacing. This UTM coordinate system minimizes geo­
graphic distortion of the mapping projection at high latitudes, which was a problem in our 
earlier study (Kirschvink et al., 1986). 

For the present study, these maps and the associated gridded digital data on magnetic 
tape were purchased from the U.S. Geophysical Data Center in Colorado. For use in the 
stranding studies reported here, we removed a 1400 x 1400 (2800 x 2800 km) square image 
of these data, which cover the entire U.S. coastline from Western Texas, through Southern 
F10rida and offshore islands, and up along the Eastern seaboard through Maine. As in our 
previous study, data were shifted linearly and converted to positive integer values that fit within 
two bytes of memory, thereby permitting the entire data frame to fit within the memory of our 
computing system (a miero VAX 11 with an image driver). This linear shift does not alter the 
statistical analyses presented below, as all comparisons are done using the relative field changes 
along the coast adjacent to the stranding sites. A few areas within the image along the 
southern coastlines do not have survey data (presumably, the data exist, but have not been 
released for commercial or military reasons). Two smaller, 512 x 512 sub-frames, covering the 
California and Oregon/Washington coastlines also were removed to examine the West-Coast 
stranding records, but stranding data were not dense enough to warrant inclusion of these geo­
graphie areas in this analysis. 

Stranding Data 

Dr. James Mead of the Marine Mammal Program of the Smithsonian Institution in 
Washington D.C. kindly provided an extensive update of his stranding data base, which we had 
used in our earlier study (Kirschvink et al., 1986). These new data were merged with those 
used in our earlier study and cross-checked to eliminate duplicate records. Table 1 is a list of 
those species for whieh there are adequate records of live stranding events within the 
boundaries of the Texas to Maine data frame described earlier. Only stranding events whieh 
fell within 2 km (1 pixel) of the coastline were used; stranding locations whieh were far-out at 
sea or inland were assumed to be errors in the latitude or longitude values of the data base. 

Coastline Data 

As in our previous study, it is necessary to have a high-resolution digital represen­
tation of the coastline for use in comparing relative magnetic field values up and down the 

642 



coastline surrounding each stranding event. For this, it was necessary to edit our previous high­
resolution coastal data set (obtained from the program SUPMAP, distributed by the National 
Center for Atmospheric Research, NCAR) and delete a11 political boundaries and rivers. This 
step was not necessary in our previous study, because the USGS aeromagnetic set began at the 
coastline and did not extend significantly inland; hence, the political and river pixels were not 
ineluded in the stranding analysis. In most areas, however, the DNAG data base extends 
continuously across the coastline, making it necessary to remove the political and river outlines 
before conducting statistical tests. Because this high-resolution outline does not extend into 
Canada or Mexico, no strandings are ineluded from those areas. A total of 27,637 shoreline 
pixels were found within the area of our 1400 x 1400 magnetic data image. Coordinates for 
each of these points, as weil as an estimate of the length of coastline within each pixel, were 
calculated for the large image and stored in separate files to eliminate the time-consuming 
process of finding them repeatedly from scratch. 

Statistical Analysis 

The problem of how to test the hypothesis that a group of stranding events is non­
random with respect to the geomagnetic (or any other geopotential) field is discussed exten­
sively by Kirschvink et al. (1986). In that study, the residual magnetic anomaly value at each 
stranding site was compared with similar field values from adjacent stretches of the coast on 
either side of the stranding event. For test purposes, a measure of the relative location of each 
stranding event with respect to the nearby high and low values of the magnetic field was 
devised as the parameter: 

Xi., = (B~,.m"" + Bi.,.min)/2 - Bitb stranding , (1) 

where 

Bi.,.ma. = Maximum field value within r km of stranding i, and 

B~,.min = Minimum fieId value within r km of stranding i. 

For a random distribution of stranding sites on the coast, the expected mean of this parameter 
should be elose to zero. On the other hand, strandings which occur near magnetic minima 
should have positive x values, and those near maxima should have negative values. If <x,> is 
the average of these values for a group of N whale strandings for a radius r, and S2 is the 
associated variance, then the statistic 

t = 
<X,> .fN (2) 

s 

will follow Student's t-distribution with (N-1) degrees offreedom (e.g., Sokal and Rohlf, 1981). 
As defined here and by Kirschvink et al. (1986), large magnitudes of t imply rejection of the 
null hypothesis, positive values imply that the strandings preferentially happen near local 
magnetic minima, and negative values imply strandings near local magnetic highs. 

For alI estimates of statistical significance in these analyses, it is appropriate to use two­
tailed t-tests rather than the more usual one-tailed. There are two reasons for this, ineluding 
the fact that it is a more conservative approach, and departures either towards higher or lower 
field values might have importance with regard to a geomagnetic navigation strategy. Thus, p­
values listed in Table 1 have been doubled (e.g., decreasin~ the reported levels of significance) 
from those listed in standard tables of Student's t-distribution. 
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Fig. 1. Average magnetic field deviation parameters, Xr (in nT), ca1culated according to eq. 
(1) as a function of distance in 5 km intervals far the group of a11 421 live cetacean 
stranding events on the coast from Texas through Maine. Sma11, medium, and large 
dots are positioned above points wh ich show t-values from eq. (2) which are significant 
at the p < 0.05, P < 0.01, and p < 0.001 levels, respectively, on 2-tailed t-tests. 

RESULTS 

Table 1 shows representative results of these neighborhood analyses, grouped far a11 
stranded whales in the data base, as weil as far individual species, in a farmat similar to that 
used by Kirschvink et al. (1986). As in this previous study, the analysis which includes a11 of 
the 421 live stranding events for a11 species yields a very highly significant tendency (p < .001 
using the t-statistic) far cetaceans to strand near coastal locations with slightly weaker total 
intensity of the geomagnetic field (e.g., negative magnetic anomalies). Figure 1 shows a plot 
of the average field deviation parameters calculated by eq. (1) as a function of distance from 
stranding events, showing that significant tendencies to strand at negative magnetic anomalies 
are achieved within a lO-km radius of the stranding sites, and are very highly significant (p < < 
.001) beyond 30 km. When these data are analyzed on a species by species level, results similar 
to those observed by Kirschvink et al. (1986) emerge. As befare, negative geomagnetic 
anomalies are associated with strandings of G. melaena, G. macrorhynchus, S. coeruleoalba, ~ 
plagiodon, L. acutus, and B. phvsalus. In addition, the new analysis reveals similar associations 
with D. delphis, G. griseus, P. phocoena, and in the family Physeteridae, with P. macrocephalus 
and K breviceps. (neither of which displayed significant tendencies previously). These dif­
ferences probably arise from the larger number of events included in the new analysis, as weil 
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as from better resolution of the magnetic data The only surprise is found with T. truncatus. 
which in the earlier analysis of 17 live stranding events was associated significantly with negative 
anomalies, but shows no association with the 50 events in the new data base. 

DISCUSSION 

The comparison of live cetacean stranding events along the U.S. coastline with the new 
DNAG geomagnetic anomaly data base confirms the previous results ofKirschvink et aI. (1986) 
that cetaceans tend to strand at coastallocations near negative magnetic anomalies. This new 
study, however, includes stranding events from Texas through Maine, whereas the previous U.S. 
analysis covered only the coastline from Cape Canaveral, Aorida through Cape Cod, 
Massachusetts. These results are in general agreement with the initial results and 
interpretation of the U.K. stranding records made by Klinowska (1985a), and are consistent 
with her previous conclusions that cetaceans possess a highly developed magnetic sensory 
system. 

It is important to emphasize here that studies of this sort can only tell something about 
the places where live stranding events happen; nothing can be inferred from these data 
concerning their ~ (e.g., it addresses where, not why). The simplest and most conservative 
hypo thesis which sterns from these observations is that cetaceans may normally follow features 
in the geomagnetic field (like the marine magnetic lineations produced by the process of sea­
floor spreading) for long-distance navigation or piloting. Walker et aI. (1986 and in review) 
found that live fin whales (H. phvsalus) sighted over the continental shelf of off the eastern 
U.S. coast by the Cetacean and Turtle Assessment Program (CETAP) were found preferentially 
in places with both low total magnetic field intensities and low gradients, as would be expected 
at negative magnetic anomalies. Removal of sighting observations for whales which were 
observed to be engaged in feeding activities enhanced the geomagnetic associations; implying 
that the remaining behaviors, such as directed migration, were more strongly influenced by the 
geomagnetic field. As live stranding events are more frequent in species which rarely approach 
the coastline, the doomed whales involved in a stranding event may be trying to navigate in 
unfamiliar, shallow waters using anormal strategy of following paths of local geomagnetic 
minima. Failure to recognize the danger of shallow water and the barner of the coastline then 
could lead to the observed association between magnetic anomalies and stranding locations, 
without the magnetic field playing a direct role in the process. Furthermore, the geographie 
association of a strong, linear magnetic anomaly with a large coastal embayment could act as 
a funnel to focus stranding events repeatedly to the same stretch of coastline. An example of 
this geometry is Cape Cod, Massachusetts, where numerous stranding events of L acutus have 
occurred near the town of Eastham, where a linear negative anomaly runs perpindicular to the 
shore from the inner to the outer edge, midway through the blade of the Cape Cod 'sickte'. 

In conclusion, it is clear that further tests of the geomagnetic hypothesis of cetacean 
navigation need to be conducted on whales which are actively migrating at sea. For this, it 
would be best to examine detailed tracking records over an area of true oceanic sea floor 
where the strong zebra-striped patterns of the marine magnetic lineations are present. The 
DNAG data base has superb coverage of the Juan de Fuca and Gorda ridges which lie offshore 
from Oregon, Washington, and Vancouver, B.C., and bence tbis portion of tbe Nortbeast 
Pacific ocean would be an ideal area to conduct such detailed tracking studies. 

ACKNOWLEDGMENTS 

I thank Dr. James Mead of the Smithsonian Marine Mammal Program for cheerfully 
providing his data files of cetacean stranding events, and the Geological Society of America for 
producing tbe magnetic anomaly map of North America. Contribution No. 4784 from the 

646 



Division of Geological and Planetary Sciences, the Califomia Institute of Technology, was 
partially supported through NSF grant EAR83-51370. 

REFERENCES 

Balkwill D. L., Maratea D., and Blakemore, R. P., 1980, Vltrastructure of a magnetotactic 
spirillium. J. Bacteriol. 141:1399-1408. 

Blakemore, R. P., 1975, Magnetotactic bacteria. Science 190:377-379. 
Chang, S. R., and Kirschvink, J. L., 1989, Magnetofossils, the magnetization of sediments, and 

the evolution of magnetite biomineralization. Ann. Rev. Earth Planet. Sei. 17:69-95. 
FrankeI, R. B., Blakemore R. P., and Wolfe R. S., 1979, Magnetite in freshwater magneto­

tactic bacteria. Seience 203:1355-1356. 
FrankeI, R. B., Papaefthymiou, G. C., and Blakemore, R. P., 1985, Mössbauer spectroscopy 

of iron biomineralization products in magnetotactic bacteria, in: "Magnetite 
Biomineralization and Magnetoreception in Organisms: A New Biomagnetism", 
Kirschvink J. L., D. S. Jones and B. J. MacFadden, eds., Plenum Press, New York, 
269-'lB7. 

Gould J. L., Kirschvink J. L., and Deffeyes, K. S., 1978, Bees have magnetic remanence. 
Science 202:1026-10'lB. 

Griffin, D. R., 1944, Tbe sensory basis of bird navigation. Q. Rev. Biol. 19:15-31. 
Grifftn, D. R., 1982, Ecology of migration: Is magnetic orientation a reality? Q. Rev. Biol. 

7:293-295. 
Grim, M. S., Behrendt, J. C., and Klitgord, K. M., 1982, Description of digital aeromagnetic 

data, V.S. Atlantic Continental Margin, Survey of 1974-76. V.S. Geological Survey 
open-file report 82-189: pp. 1-11. 

Kalmijn, A J., 1974, Tbe detection of e1ectric fields from inanimate and animate sources other 
than e1ectric organs, in: "Handbook of Sensory Physiology, v.9", A Fessard, ed., 
147-200. 

Keeton, W. T., 1972, Effects of magnets on pigeon homing, in: "Animal Orientation and 
Navigation", S. E. Galler, ed., NASA SP-262, 579-594. 

Keeton, W. T., Larkin, T. S., and Windsor, D. M., 1974, Normal fluctuations in the earth's 
magnetic field influence pigeon orientation. J. Comp. Phvsiol. 95:95-103. 

Kirschvink, J. L., and Chang, S. R., 1984, Vltrafine-grained magnetite in deep-sea sediments: 
Possible bacterial magnetofossils. Geology 12:559-562. 

Kirschvink, J. L., and Gould, J. L., 1981, Biogenic magnetite as a basis for magnetoreception 
in animals. Biosystems 13:181-20l. 

Kirschvink, J. L., Dizon, A E., and Westphal, J. A, 1986, Evidence from strandings for 
geomagnetic sensitivity in cetaceans. J. Exp. Bio\. 120:1-24. 

Kirschvink, J. L., Walker, M. M., Chang, S-B. R., Diwn, A E., and Peterson, K. A, 1985, 
Chains of Single-Domain Magnetite Particles in Chinook Salmon, Oncorhynchus 
tshawvtscha. J. Comp. Phys. A, 157, 375-381. 

Kirschvink, J. L. and Walker, M. M., 1985, Particle-size considerations for magnetite-based 
magnetoreceptors, in: "Magnetite Biomineralization and Magnetoreception in Animals: 
A New Biomagnetism", J. L. Kirschvink, D. S. Jones, and B. J. MacFadden, eds., 
Plenum Press, New York, 243-254. 

Kirschvink, J. L. and Kobayashi-Kirschvink, A, 1991, Is Geomagnetic Sensitivity Real? 
Replication of the Walker-Bitterman Conditioning Experiment in Honey bees. 
American Zoologist, V. 31, January 1991 (in press). 

Kirschvink J. L., Jones, D. S., and MacFadden, B. J., eds., 1985, "Magnetite Biomineralization 
and Magnetoreception in Organisms: A New Biomagnetism", Plenum Press, New York, 
682 pp. 

Klinowska, M., 1985a, Cetacean live stranding sites relate to geomagnetic topography. 
Aquatic Mammals 11P):27-32. 

Klinowska, M., 1985b, Cetacean live stranding dates relate to geomagnetic disturbances, 
Aguatic Mammals 11(3):109-119. 

647 



Kramer G., 1952, Experiments on bird orientation. Ibis 94:265-285. 
Kreithen M. L. and Eisner T., 1978, Detection of ultraviolet light by the homing pigeon. 

Nature 272:347-348. 
Kreithen, M. L. and Keeton, W. T., 1974a, Detection of polarized light by the homing pigeon, 

Columbia livia. J. Comp. Physiol. 89:83-92. 
Kreithen, M. L. and Keeton, W. T., 1974b, Attempts to condition homing pigeons to magnetic 

stimuli. J. Comp. Physiol. 91:355-362. 
Kreithen, M. L. and Quine, D., 1979, Infrasound detection by the homing pigeon: a behav­

ioral audiogram. J. Comp. Phvsiol. 12:1-4. 
Kuterbach, D., Walcott B., Reeder R. J., and Frankel R. B., 1982, Iron-containing cells in the 

honey bee (Apis mellifera), Science 218:695-697. 
Leask, M. J. M., 1977, A physiochemical mechanism for magnetic field detection by migratory 

birds and homing pigeons. Nature 267:144. 
Lindauer, M., 1977, Recent advances in the orientation and learning ofhoneybees. Proc. XV 

Int. Congr. Entomol., 450-460. 
Lowenstam H. A and Weiner S., 1989, "On Biomineralization", New York, Oxford: Oxford 

University Press, 324 pp. 
Mann S., Sparks N. H. C., Walker M. M., and Kirschvink J. L., 1988, Ultrastructure, 

morphology and organization of biogenic magnetite from sockeye salmon, 
Oncorhynchus nerka: Implications for magnetoreception. J. Bw. Biol. 140:35-49. 

Papi F., Fiore L., Fiaschi V., and Benvenuti S., 1972, Olfaction and homing in pigeons. Monit. 
Zool. HaI. (N.S.) 6:85-95. 

Sauer, E. G. F., 1957, Die Sternenorientierung nachtlich ziehender Grasmucken (Sylvia 
atricapilla, borin und curruca). Z. Tierosychol. 14:29-70. 

Sokal, R. R. and Rohlf, F. J., 1981, "Biometry", New York: W. H. Freeman and Co., 859 pp. 
Stolz, J. F., Chang, S. R., and Kirschvink, J. L., 1986, Magnetotactic bacteria and single­

domain magnetite in hemipelagic sediments. Nature 321:849-851. 
Vali H. and Kirschvink J. L., 1989, Magnetofossil dissolution in a Paleomagnetically unstable 

Deep-Sea Sediment. Nature 339:203-206. 
Walcott, C., 1978, Anomalies in the earth's magnetic field increase the scatter of pigeon's 

vanishing bearings, in: "Animal Migration, Navigation, and Homing", K. Schmidt­
Koenig and W.T. Keeton, eds., Springer-Verlag, Berlin, pp. 143-151. 

Wa\cott, C. and Green, R. P., 1974, Orientation of homing pigeons altered by a change in the 
direction of an applied magnetic field. Science 184:180. 

Walker, M. M., 1984, Learned Magnetic Field Discrimination in Yellowfin Tuna, Thunnus 
albacares. J. Comp. Phys. A 155:673-679. 

Walker, M. M. and Bitterman, M. E., 1985, Conditioned responding to magnetic fields by 
honeybees. J. Comp. Phys. A 157:67-71. 

Walker, M. M. and Bitterman, M. E., 1989a, Attached magnets impair magnetic field discrimi­
nation by honeybees. J. Bw. Biol. 141:447-451. 

Walker, M. M. and Bitterman, M. E., 1989b, Honeybees can be trained to respond to very 
small changes in geomagnetic field intensity. J. Bw. Bio\. 145:489-494. 

Walker, M. M. and Bitterman, M. E., 1989c, Conditioning analysis of magnetoreception in 
honeybees. Bioelectromagnetics 10:261-276. 

Walker, M. M., Baird, D. L., and Bitterman, M. E., 1989, Failure of stationary but not of 
flying honeybees to respond to magnetic field stimuli. J. comp. Psychol. 103:62-69. 

Walker, M. M., Bitterman, M. E., and Kirschvink J. L., 1986, Experimental and correlational 
studies of responses to magnetic field stimuli by different species, in: "Biophysical 
Effects of Steady Magnetic Fields", Maret, G., Boccara, N., and Kiepenheuer, J., eds., 
Springer-Verlag, New York, 194-205. 

Walker, M. M., Kirschvink, J. L., Chang, S-B. R., and Dizon, A E., 1984, A candidate 
magnetic sense organ in the yellowfin tuna, Thunnus albacares. Science 224:751-753. 

Walker, M. M., Kirschvink, J. L., Perry, A S., and Dizon, A E., 1985, Methods and tech­
niques for the detection, extraction, and characterizatioil of biogenic magnetite, in: 
"Magnetite Biomineralization and Magnetoreception in Organisrns: A New Biomagnet 

648 



ism", J. L. Kirschvink, D. S. Jones, and B. J. MacFadden, eds., Plenum Press, New 
York, 154-166. 

Walker, M. M., Quinn, T. P., Kirschvink J. L., and Groot, T., 1988, "Production of single­
domain magnetite throughout Iife by sockeye salmon, Oncorhvnchus nerka." ~ 
BioL 140:51-63. 

Walker, M. M., Kirschvink, J. L., Dizon, A E., and Ahmed, G., "Evidence that fin whales 
respond to the geomagnetic field during migration", submitted to J. Exp. BioL 

649 


