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DISCUSSION 

It seems clear from the analyses presented above that there is a statistically robust 
relationship between cetacean live stranding positions and the residual geomagnetic 
field along the U.S. Atlantic continental margin. Significant tendencies to strand at 
locations with low magnetic intensity were found in species from both suborders of 
Cetacea. The question then is whether or not cetaceans possess a geomagnetic 
sensory system capable of guiding their way, or whether other environmental 
parameters such as bathymetry or currents could be responsible for the observed 
effect. 

Klinowska (1983 and written communicati.on) found no relationship with the 
geomagnetic field and the locations of dead whales which washed ashore, indicating 
that there is no apparent relationship between oceanic water currents, tides and 
geomagnetic anomalies. (Unlike the American stranding records, it is apparently 
possible to separate true live stranding events from dead carcasses washing ashore in 
the British records.) Oceanic currents also tend to intersect the coastline on a much 
larger scale (thousands of km) than the typical variations in the geomagnetic field 
(lO-lOOkm scale). Live strandings also seem to happen with roughly equal prob­
ability on both rocky and sandy beaches (Geraci & St. Aubin, 1979). 

A bathymetric effect is perhaps a more viable alternative hypothesis to account for 
the observed relationships with the magnetic field. In areas of high latitudes with 
steep magnetic inclination, a submarine canyon or valley which has cut through 
geological strata of uniform susceptibility will locally weaken the geomagnetic field at 
the ocean surface. If cetaceans were attempting to follow such bathymetric features 
(with echolocation, for example) when they beached themselves, a correlation 
between stranding location and geomagnetic intensity might result. Of course, this 
hypothesis predicts the existence of bathymetric relief along the Atlantic continental 
shelf which mirrors the magnetic variations and requires that the basement has 
enough magnetic susceptibility to produce measurable anomalies at the surface. To 
test this hypothesis we examined the large-scale (1: 1 000 000) map series compiled 
by Belding & Holland (1970) and published by the American Association for 
Petroleum Geologists (AAPG). Most of the offshore topography along the Atlantic 
continental margin is basically flat, due to the bevelling effect of numerous glacio­
genic sea-level transgressions and regressions during the Pleistocene. In general, the 
topography along this coast is subdued and characterized by barrier islands, with 
average regional slopes on the shelf of less than 10 (McGregor, 1984). None of the 
major magnetic lineaments seen in Fig. 1 has any visible relationship with nearshore 
bathymetry, and even the well·developed submarine canyons off the New Jersey and 
New York coasts (e.g. Hudson & Baltimore Canyons) fail to show up on the 
magnetic map of Fig. 1. 

The apparent lack of correlation between the bathymetric and aeromagnetic data 
for the Atlantic margin is a fairly straightforward result of its geological history . The 
North American plate broke away from the supercontinent of Pangea roughly 160 
million years ago during a rifting event which led to the formation of the Atlantic 
Ocean. As these plates moved apart, the highly magnetic volcanic rocks associated 
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with the rifti ng event were gradually buried under a bl anket of weakly magnetized 
sediments which in some areas reach a thickness of 14 km (McG regor, 1984). Thus, 
with the exception of more recent volcanism associated with seamounts, the magnetic 
characteristics of the continental shelf are still dominated by deeply buried volcanic ~ 

rocks. For example, the large magnetic high which marks the transition (rom the 
cont inenta l shelf to the slope (this is called the 'Blake Spur' magnetic anomaly and 
can be seen as a NE-SW trending yellow streak on Fig. tA) is related to the rift­
related faulting and volcanism which formed during the break-up event , and can be 
seen in the seismic profiles of Alsop & Talwani (1984). In contrast. the overlying 
sediments generally have such a low magnetic susceptibility that even a large vaHcy 
near the surface will yield little, if any, aeromagnetic expression. Therefore. it see ms 
unlikely that the geomagnetic stranding correlations noted earlier could be an artifact 
of bathymetry in this region. 

The simplest remaining hypothesis is that cetaceans possess a highly developed 
sensitivity to the geomagnetic fi eld which enables them to use local variations in it for 
gu idance, and that this is reflected in their stranding locations. In turn, this implies 
the presence of specialized receptors capable of transducing weak geomagnetic 
stimuli to the nervous system. Note that many of the stranding positions seen on 
Fig. 2 suggest that total intensity variations of less than 50 nT (0·1 % of the total 
field) are enough to influence stranding location. (Similar K-index correlations imply 
the same order of sensitivity in birds, a topic which is discussed by Gould , 1982; 
Kirschvink, 1982, 1983 and Kirschvink & Walker, 1985.) 

Klinowska (1983) has also suggested that live cetacean strandings tend to happen 
where local minima ('valleys') in the geomagnetic total intensity field cross the British 
coastline, and that they actively avoid entering areas of locally higher intensity. (Note 
this does not address the question of why they strand.) This effect is similar to the 
observation of Walcott (1978) that pigeons released at magnetic anomalies are 
confused. Further analysis of Walcot t's data (Gould, 1980, 1982; Kirschvink, 1982) 
also shows a ten dency for the birds to avoid local magnetic highs during the initial 
phase of flight, a strategy which probably aids in their initial assessment of their 
position relative to the home loft. T he weak strength of the magnetic variations 
which produce these erfects and their occurrence on sunny days (when sun-com pass 
orientation is possib le) implies that the response is more than a simple compass one. 
Rather, it probably depends on an ability to sense small fl uctuations or changes in the 
total intensity fi eld (Kirschvink & Gould , 1981; Kirsch vink , 1982). 

These variations are so small that the overall cf(cct is probably not the resu lt of a 
simple directional compass, and the extreme sensitivity is difficu lt to achieve wit h a 
magnetic sensory system based on electrical induction (Jungerman & Rosenblum, 
1980; Rosenblum, Jungerman & Longfellow, 1985). Ferromagnet ic material (prob­
ably magnetite) has been reported in the head region of cetaceans by Zoeger. Dunn & 
Fuller ( 1981) and morc recently by Bauer et aJ. (1985). but the authors found so 
much magnetic material in the tissues that they could not focus on any specific site as 
the focus of a possible sensory organ as has been done for yellowfin tuna, Thunnus 
albacares (Walker et al. 1984). Large numbers of magnetite-based magnetoreceptors 
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could in theory yield the required geomagnetic sensitivities if arranged in a signal­
averaging network (Kirschvink, 1979; Kirschvink & Gould, 1981; Yorke, 1981; 
Kirschvink & Walker, 1985). The recent extraction of chains of magnetite crystals 
from the dermethmoid tissue of salmon (Kirschvink et al. 1985) also suggests that 
the general vertebrate magnetoreceptor may be something like a modified hair-cell 
mechanoreceptor; it certainly seems worth conducting similar investigations in 
cetaceans. 

Why is there a general tendency for the strandings to happen at geomagnetic 
minima rather than maxima? A migrating anima l on the oceans would be equally able 
to follow the magnetic highs, lows, or perhaps the maximum gradients during a long 
journey, as all of these would help maintain track of relative longitude using the 
marine magnetic lineations. However, the simplest approach is to fo llow the local 
minima, because both the highs and gradients are more prone to a positive suscept­
ibility bias from seamounts and oceanic fracture zones. In addition , many migratory 
animals regularly cross the boundary between the continental shelf and the oceanic 
crust in their travels, and a strategy of avoiding high fields and gradients could be 
used over both continental and oceanic terrains. For this reason, marine magnetic 
lineations are reasonable features in the magnetosphere for animals to follow, and 
their relationship with migration routes (if any) warrants further investigation, 
particularly at sea. Despite this, cetaceans might have other uses for geomagnetic 
cues even while they are not migrating. Some seamounts (or Guyots), for example, 
are characterized by higher levels of productivity than the surrounding waters, and 
cetaceans may exploit this. Seamounts generally produce a large, symmetrical 
magnetic 'hilt' superimposed on the undulating magnetic topography of the oceans, 
one of which is the only b right yellow spot on (he eastern margin Fig. lB. 

A few of the mass stranding events do happen near clear magnetic maxima, an 
example of which is the group of 35 short-finned pi lot whales (G. macrorhYllchus) 
which went ashore on Kiawah Island near Charleston, South Carolina, on 
Z November 1973 (visible on Figs IA and Z as the only mass-st randing event in South 
Carolina). Coupled with the apparent tendency for three of lhe grou ps in the analysis 
(Delphillus, Fig. 3P; Grampus, Fig. 3Q; and Family Ziphidae, Fig. 3R) to strand 
near magnetic maxima, this would suggest that the cetacean's choice of whether to 
follow magneti c lows or highs may depend upon a variety of unknown behavioural 
conditions. T he stranding data set may in general be biased towards th e lows, as 
strandings are thought to occur more often in animals which are migrating or 
otherwise outside their fami liar territory (Mead, 1979). However, a smaller fraction 
of strandings may occur at other times. This line of reasoning predicts that a similar 
anal ysis of the position of cetaceans at sea may find seasonal and/or regional shifts 
from one magnetic state to another depending upon behaviour (e.g. lows may be 
sought during migration, and the highs might be used during feeding or while trying 
to remain in one place). A situation of this sort could lead to the high variance values 
found in several of the species groups mentioned earlier. This is clearly the case of 
the C. melaena mass strandings; as seen in Fig. 3E the variance abruptly changes 
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from high to low (square to diamond symbols) when the Kiawah Island event IS 

thrown out of the neighbourhood analysis after the 55 km radius. 
Results from this study lead to an interesting and testable prediction concerning 

the abundance of whale bone fossils in teniary nearshore sediments along the 
Atlantic continental margin. Locations where such long, continuous magnetic 
minima cross the coast line (li ke those in Georgia, Fig. IA ) should generate a 
substantially higher flux of whale bones to surrounding sediments, and there shou ld 
be measurable variations in their local abundance associated with the magnetic 
topography. Simi larly , when the Earth's magnetic fie ld reverses itself many of the 
local minima will turn into local maxima (and vice versa), and the stranding flux 
should shift to other points along the coastline. This predicts that in places where 
magnetic lows currently cross the coastline. whale bone fossi ls should be more 
numerous in sediments deposited during normal polarity intervals than during times 
of reversed polarity. In a continuous sect ion spanning long intervals of time, it 
should be possible to predict the magnetic polarity pattern based on the abundance of 
whale fossils. Numerous sedimentary deposits are known along the Atlantic coastline 
where this prediction could be tested (e.g. Ray, 1984). 

In summary, the cetacean live-stranding records from the U.S. Atlantic con­
tinental margin strongly support the hypothesis that they are using some features of 
the geomagnetic field while finding their way. This study and that of Klinowska 
(1983) reach similar conclusions, and both predict that cetaceans located and/ or 
tracked at sea should show similar relationships with respect to the marine magnetic 
lineations. If this proves to be true, it would have major implications for commercial 
fisheries which exploit magnetically-sensitive fi sh like tuna (Walker, 1984) and 
salmon (Quinn, Merrill & Brannon. 1982), as well as perhaps lead to beller 
techniques for resource estimation and management. We are at present testing this 
hypothesis with sighting records of 25000 marine animals from the Cetacean and 
Turtle Assessment Program (U.S. Bureau of Land Management) along the Atlantic 
Margin. 
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manuscript. Contribution No. 4123 from the Division of Geological and Planetary 
Sciences, California Institute of T echnology. Supported through NSF grants 
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