
Magnetoreception. 

 

 

 

Magnetic field: B; electric field: E. 

 

 

Based on behavioral studies, it seems that at least 50 animal species use the Earth’s magnetic field 

for orientation and migration: 

 

                                                                     All vertebrate groups 

                                                                     Mollusca 

                                                                     Crostacea 

                                                                     Insects 

                                                                     others.. 

 

Mainly studied: birds, Hymenoptera, Chelonia (turtles), salmon, sharks, cetaceans. 

 

 

It could be a primitive mechanisms, also found in some bacteria, often used as a backup for other 

types of compass navigation (e.g., in pigeons or bees). Usually the celestial cues cause stronger 

orientating effects. 

 

 

 

 

 

Potential information obtained: 

 

 

DIRECTION:                          N/S polarity of the field 

 

POSITION (more common):   Inclination angle 

                                                  Field intensity 

                                                  etc.  

                                                  (parameters vary as a function of position on terrestrial surface) 

 

 

 

Some birds, turtles, salamanders, lobsters can discriminate with learning small parameter 

differences, in order to form magnetic maps of their habitat.  
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and a migrating bird’s heading can be altered by wind. 
Navigation can therefore be enhanced by an ability 
to determine position relative to a destination. For 
today’s humans, this need is usually met through a 
GLOBAL POSITIONING SYSTEM (GPS), which provides users 
with their geographical position and continuously 
computes the direction to a goal. For some migratory 
animals, positional information inherent in the Earth’s 
magnetic field provides a similar, although less precise, 
way of assessing geographical location.

Several geomagnetic parameters, such as inclination 
angle and field intensity, vary across the Earth’s surface 
in ways that make them suitable for use in a position-
finding sense6,7 (FIG. 1). Some animals, including 
certain birds8–10, sea turtles11–14, salamanders15,16 and 
lobsters17, can discriminate small differences in at 
least some of these magnetic features. These animals 
exploit positional information in the Earth’s field in 
several different ways, and at least a few are able to 
learn the magnetic topography of the areas in which 
they live and so acquire ‘magnetic maps’ that facilitate 
navigation towards specific locations (FIG. 2).

Because the parameters of the Earth’s field that 
are useful for detecting directional and positional 
information differ, it is possible that some animals 
have two separate magnetosensory systems. Each 
might detect a different element of the Earth’s field 
and each might also rely on separate receptors based 
on different biophysical mechanisms18,19.

Possible mechanisms of magnetoreception
During the past three decades, a number of diverse 
mechanisms have been proposed that might provide 
the basis for detecting magnetic fields1,20. However, the 
most recent research has focused on three possibilities: 
ELECTROMAGNETIC INDUCTION, magnetic field-depend-
ent chemical reactions and BIOGENIC MAGNETITE. Each 
mechanism is discussed below.

Electromagnetic induction. A charged particle moving 
through a magnetic field experiences a force perpen-
dicular to both its motion and the direction of the 
field. The magnitude of this LORENTZ FORCE is equal to 
the product of the magnetic field strength, the charge 
and velocity of the particles, and the sine of the angle 
between the motion and field vectors21. Therefore, 
if an electrically conductive bar moves through a 
magnetic field in any direction other than parallel to 
the field lines, positively and negatively charged parti-
cles migrate to opposite sides of the bar, resulting in a 
constant voltage that depends on the speed and direc-
tion of the bar’s motion relative to the magnetic field. 
If the bar is immersed in a conductive medium that 
is stationary relative to the field, an electric circuit is 
formed and current flows through the medium and 
the bar.

This principle, known as electromagnetic induction, 
provides a possible explanation for how elasmobranch 
fish (sharks, skates and rays) detect the Earth’s mag-
netic field22,23. According to this hypothesis, jelly-filled 
canals on the fish, known as ampullae of Lorenzini, 
function as the conducting bars; the surrounding sea 
water functions as the motionless conducting medium, 
and the highly resistive and sensitive electroreceptors 
at the inner end of the ampullae detect the voltage drop 
of the induced current.

However, several factors significantly complicate 
these simple models. First, the electroreceptors of 
elasmobranches cannot detect the steady fields that 
were originally thought to arise24. Second, the water 
surrounding marine fish is seldom motionless under 

Figure 1 | Large-scale and fine-scale structure of the Earth’s magnetic field. 
a | Diagrammatic representation of the Earth’s magnetic field. The general form of the Earth’s 
field resembles the dipole field of a giant bar magnet, with field lines emerging from the southern 
hemisphere, wrapping around the globe, and re-entering the Earth at the northern hemisphere. 
The inclination angle (that formed between the field lines and the Earth) varies with latitude. At 
the magnetic equator, the field lines are parallel to the Earth’s surface and the inclination angle is 
0o. An animal migrating north from the magnetic equator to the magnetic pole encounters 
progressively steeper inclination angles along its journey. At the magnetic pole in the northern 
hemisphere, field lines are directed straight down into the Earth and the inclination angle is 90o. 
This variation in the inclination angle is used by some animals to assess geographic position11,16. 
The strength or intensity of the Earth’s field is weakest near the equator and strongest near the 
magnetic poles. Some animals can derive positional information from field intensity12. b | Merged 
aeromagnetic anomaly map of the state of Virginia, USA. Although some long-distance migrants 
evidently extract positional information from the general dipole field10,13 shown in (a), fine-scale 
variations are more complex than the general regional patterns because concentrations of 
ferromagnetic minerals in the Earth’s crust often generate local field anomalies. Although these 
variations are typically less than 1% of the total field, their gradients (that is, the variation per 
distance) can be significantly greater than the gradients due to the main dipole field, and can 
also be aligned in a different direction. The larger gradients might be easier for a short-distance 
migrant or homing animal to detect, but the complexity of local magnetic contours indicates that 
any navigational strategies that exploit magnetic topography over these smaller spatial scales 
are likely to be site-specific, difficult to generalize and learned rather than inherited. Colour scale 
shows deviations in the strength of the Earth’s dipole field in Virginia (dipole field is ~52,000 
nanoTelsa (nT)124) in both nanoTesla and percent. Image reproduced from REF. 125.
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                                                     Magnetoreceptors. 

 

 

 

 

Difficult to localize: 

 

- magnetic fields freely cross biological tissues 

- could be small and dispersed in a large tissue volume 

- transduction could depend on a series of chemical reactions, not 

necessarily associated to a typical organ 

- human experience does not help 

 

 

 

 

Three mechanisms seem more likely. 

 

a) Endogenous magnetite. 

b) Chemical magnetoreception (chemical reactions modulated by terrestrial B). 

c) Electromagnetic induction. 

 

 

 

 

Functional implications: polarity and inclination. 

 

All three mechanisms can indicate the direction and field elements useful to determine the 

position, but chemical magnetoreception does not seem fit to also indicate N/S polarity (and 

neither are the superparamagnet type magnets). 

 

 

Magnetic polarity compass:   arthropods, salmons, some rodents. 

Inclination compass:              e.g., birds, turtles and other reptiles (does not show polarity) 

                                               [there may be problems around the magnetic equator for 

                                                                      migrating birds]. 

Both types:                             some salamander species. 

 

 

Without detailed studies, nonetheless, one cannot conclude that these two types of compass 

depend on different mechanisms. E.g., CNS processing could strongly modify the receptor 

output.  

 

 

Sensitivity: much higher with magnets; hence, a map based on field intensity seems difficult to 

obtain with magnetochemical or induction mechanisms. 



A) Endogenous magnetite (Fe3O4) or greigite (Fe3S4). 

 

 

 

 

Magnetotaxis in some marine bacteria.  
 

Bacteria contain small magnets used to move towards the bottom.  

They move forward and the magnete gives orientation towards the bottom (they are 

anaerobic).  

 

 

 

 

Magnetite particles. 

 

Found on the inner surface of the skull of birds, rodents, humans, often around the nasal 

cavity. 

 

Often single-domain (~50 nm in diameter) permanently magnetized crystals. Could exert 

torque or pressure on mechanoreceptors or directly open ion channels. 

 

Some animals have even smaller magnetite crystals (superparamagnetic), which have no 

permanent magnetic moment, but in presence of B can generate fields that affect nearby 

cristals. 

 

 

 

 

However, it is necessary to demonstrate: 

                                   

                                                                a) innervation (found in bees, but not vertebrates) 

 

                                                                b) behavioral response dependent on these structures 

 

                                                                c) axon firing dependent on B. 

 

 

                                   





Do well-organized magnetic organs exist? 

 

 

 

Good evidence in the trout in 1997 (similar observations in pigeons, 2001-2003; some 

evidence in ants and bees): 

 

 

                                  

              a) nerve fibers ramified around the cells containing single-domain magnetite crystals 

                                     (fibers studied with intracellular dyes) 

  

              b) these cells are located in a tissue layer under the olfactory receptors 

 

              c) behavioral response of the trouts to B 

 

              d) some fibers of the rosV nerve (olfactory branch of the trigeminus) respond to  

                                                                    magnetic stimuli). 

 

                                                              
 

 

 





  

B) Chemical magnetoreception. 

 

 

1. It would seem unlikely, since electron displacements between atomic orbitals require a great 

energy. Moreover, thermal noise is much larger than terrestrial B. 

 

 

 

2. However, there are reactions between couples of free radicals that can be affected by B. 

 

For instance: Maeda et al.(Nature 453:387-390, 2008) show that the lifetime of 

photochemically generated radical pairs is modified by B < 50 µT (the intensity of Earth’s B) 

and is sensitive to the field direction, which is essential for a compass working. 

 

 

 

3. But what could the physiological sensor be? 

 

Hypothesis of cryptochromes (photosensitive proteins implicated in circadian rhythms of 

plants and animals): retina, SCN, pineal gland (but do not appear to be the main photoperiodic 

receptors). 

 

 

 

4. The nervous activity during magnetic orientation co-localizes with cryptochrome expression 

in retinal ganglion cells in migratory bird active during the night (Sylvia), but not during the 

day or in non migratory species. 

 

 

 

5. CRY1 and CRY2, UV-blue-green photoreceptor flavoproteins first identified in plants and 

likely to form radical pairs upon photoexcitation, as the closely related photolyases (and 

contrary to rhodopsin, which undergoes cis-trans isomerization of retinal, instead of electron 

transfer). 

 

Also found in humans. 

 

 

 



two distinct CRYPTOCHROME (CRY) proteins; monarchs
have both a type 1 Drosophila-like CRY (designated CRY1)
that functions as a circadian photoreceptor and a type 2
vertebrate-like CRY (designated CRY2) that functions as
the major transcriptional repressor of the clockwork feed-
back loop [37]. The discovery of type 2 vertebrate-like CRYs
in insects,which emerged from the initial finding ofCRY2 in
monarch butterflies [38], has changed our view of how
circadian clocks of non-drosophilid insects work and has
redefined our understanding of the evolution of animal
CRYs [11,39]. Four cells in the dorsolateral region of the
central brain (the pars lateralis; PL) house the major circa-
dian clocks in the butterfly brain (Figure 3B); these are the
only brain cells inwhich the transcriptional repressorCRY2
cycles into the nucleus at the appropriate time to regulate
the molecular clock feedback loop [37].

The monarch butterfly could also use the CRY proteins
as output molecules that define clock circuits in the brain
(Figure 3B). Indeed, CRY1-staining fibers extend from the
clock cells in the PL to the optic medulla, in which axons of
the dorsal rim photoreceptors terminate, suggesting a
brain clock modulation of polarized light input [26]
(Figure 3B). Other CRY1-expressing fibers connect the
PL with neurons of the pars intercerebralis (PI), another
clock gene/protein-expressing region that could regulate
diapause and aging [26]. CRY2-expressing neuronal fibers
that could arise from the PI and/or the PL are also found in
the central complex, where CRY2 shows circadian oscil-
lations in its expression [37] (Figure 3B).

Based on all the evidence, it was assumed that the
circadian clocks necessary for time-compensation of sun
compass orientation reside in the PL [11]. However, this

Figure 3. Monarch clockwork model, brain clocks and circuits. (a) Molecular clockwork model. The main gear of the clock mechanism is an autoregulatory transcription

feedback loop in which CLOCK (CLK) and CYCLE (CYC) heterodimers drive the transcription of the period (per), timeless (tim), and cryptochrome2 (cry2) genes through E

box enhancer elements. TIM (T), PER (P), and CRY2 (C2) are translated and form complexes in the cytoplasm; 24 h later CRY2 is shuttled into the nucleus to inhibit CLK:CYC-

mediated transcription. PER is progressively phosphorylated and probably helps to translocate CRY2 into the nucleus. CRYPTOCHROME1 (CRY1, C1) is a circadian

photoreceptor which, upon light exposure (lightning bolt), causes TIM degradation, allowing light to gain access to the central clock mechanism for photic entrainment. The

monarch clockwork, which has both Drosophila-like and mammalian-like aspects, was formulated from a combination of in vitro and in vivo approaches, including the use

of the monarch DpN1 cell line, which contains a light-driven diurnal clock, and the use of Drosophila transgenesis, to augment the differential clockwork functions of the

monarch CRY proteins [37]. Adapted, with permission, from Ref. [37]. (b) Schematic frontal view of brain clocks and circuits in the monarch butterfly brain. Cells expressing

TIM, PER, CRY1 or CRY2 are highlighted in blue [26,37]. In these areas the clock proteins partially colocalize. All four clock proteins are colocalized in two of the four cells in

the pars lateralis (PL) on each side of the brain; these four cells in total are the bona fide circadian clock cells in brain [26,37]. CRY1-positive cell bodies and projections are

represented by green dots and green lines, respectively. Projections from the dorsal rim area photoreceptors are indicated by the dotted gold lines. Neurons and fibers

expressing exclusively CRY2 are represented in red and within the central body are shown as red circles and red hatching. PI, pars intercerebralis; PL, pars lateralis; CC,

central complex; LA, lamina; ME, medulla; LO, lobula. Adapted, with permission, from Ref. [40].
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C) Electromagnetic induction 

 

 

 

Lorentz force F = qE + qv×B   

 

 

qv×B = qvB(senθ)    

 

θ  =  angle between the direction of the field B and of q motion. 

 

 

 

 

Electromagnetic induction may be possible in electric fishes. 

 

 

 

Lorenzini ampullae could work as conductive bars and sea water as stationary conductive 

milieu.  

 

Electroceptors would sense the ΔV produced by the induced current. 

 

 

 

However: moving water produces fields, moreover electroceptors do not perceive stationary 

fields. 

 

There are hints, but not conclusive evidences. 

 

 

 




