
Biophysics of magnetic orientation: strengthening the interface between theory experimental 
design by J. L. Kirschvink, M. Winklhofer, M. M.. Walker   
 
Supplementary material  
 

Geomagnetic intensity fluctuations over geological time  The typical geomagnetic 
intensity over geological and evolutionary time scales has been lower than present – 
sometimes much lower.  Animals have lived and migrated on this planet for at least the past 
542 million years, and the presence of the colour effects on compass behaviour on a diverse 
group of animals suggests that this system evolved in a primitive form almost at the time of 
the Cambrian Explosion (see below). However, over geological time the Earth’s magnetic 
field has experienced great fluctuations in its total intensity and direction, with some long 
intervals during which it was at only a few percent of its present strength (Selkin & Tauxe 
2000).   The field was particularly weak during the major radiation of the Birds in Cretaceous 
time, and has only been unusually strong on average during the past half million years 
(Granot et al. 2007; Tauxe 2006).  As shown in Leonhardt et al., (2009) (Fig 4a therein and 
Fig 4a here) during the Laschamp geomagnetic excursion 41,000 years ago, huge portions of 
the planet had fields much lower than 10 μT, including most of the North Atlantic region, 
from the Pole to the Equator.  As can be seen in Fig 4a here, at the climax of the excursion, 
the field in Europe was generally less than <  4 μT with values as low as 2 μT along the 
southwestern bird migration corridor to Morocco (Northwest Africa). This situation is similar 
to that of the last geomagnetic reversal, at the climax of which Europe experienced fields 
generally weaker than 4 μT (Fig. 4b). These periods of very low field strength last on the 
order of several hundred years, which is tens to hundreds of animal generations, depending on 
the organism. 

 
A possible evolutionary scenario for the optical effect on a magnetite-based magnetic 

compass.  Given the phylogeny of biogenic magnetite, the last common ancestor of all 
animals probably had a primitive, axially-symmetric magnetic compass receptor (Kirschvink 
& Hagadorn 2000).  Due to the secular changes in the geomagnetic field, migratory animals 
need to calibrate their magnetic compass against the sun and star compasses on a regular basis 
(Cochran et al. 2004; Courtillot et al. 1997).  The best time for them to do this would be at 
sunset and sunrise, when the position of the sun is usually easy to determine, even on cloudy 
days. Indeed, twilight calibration of the magnetic compass has been reported in several 
species (reviewed by Muheim et al. (2006)), although with at least one exception (Wiltschko 
et al. 2008).  However, the best method for a primitive animal to detect sunrise and sunset 
would be for them to determine when blue light fades away (red light is present during the 
entire day, so the relative absence of blue light is a better indicator at the sensory level).  
Phylogenetic studies of the visual pigments in animals have shown that the most primitive 
forms were probably sensitive in the red, long-wavelength end of the spectrum (Davies et al. 
2009; Yokoyama 2008).  As colour vision arose via gene duplication events, the ancestor 
could only have had monochromatic vision, and thus would not have been able to determine 
from the visual spectrum the proper time for calibrating its magnetic compass.  A cell 
expressing cryptochromes, however, would be activated by blue light, and could have been 
incorporated into a neurological/regulatory role for activating use of the axial magnetic 
compass system.  All of this would most likely pre-date Middle Cambrian Time, as there is 
excellent evidence that animals in the Burgess Shale possessed colour vision (Parker 1998). 
The Rf-sensitivity would simply be a side effect of the use of the cryptochrome core. Before 
humans came along and invented radio transmitters there would have been no natural 
selection pressure against, or biological relevance for, this effect. 
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