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We describe a biophysical mechanism for animal magnetoreception, orientation and navigation

in the geomagnetic field (GMF), based on the ion forced oscillation (IFO) mechanism in animal cell
membrane voltage-gated ion channels (VGICs) (IFO-VGIC mechanism). We review previously suggested
hypotheses. We describe the structure and function of VGICs and argue that they are the most sensitive
electromagnetic sensors in all animals. We consider the magnetic force exerted by the GMF on a
mobile ion within a VGIC of an animal with periodic velocity variation. We apply this force in the IFO
equation resulting in solution connecting the GMF intensity with the velocity variation rate. We show
that animals with periodic velocity variations, receive oscillating forces on their mobile ions within
VGICs, which are forced to oscillate exerting forces on the voltage sensors of the channels, similar or
greater to the forces from membrane voltage changes that normally induce gating. Thus, the GMF in
combination with the varying animal velocity can gate VGICs and alter cell homeostasis in a degree
depending, for a given velocity and velocity variation rate, on GMF intensity (unique in each latitude)
and the angle between velocity and GMF axis, which determine animal position and orientation.

Keywords Geomagnetic field, Animal magnetoreception, Orientation, Navigation, Electromagnetic fields,
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Abbreviations

ELF Extremely Low Frequency
EMF Electromagnetic field
ESR Electron Spin Resonance
GEF Geoelectric field

GMF Geomagnetic field

IFO Ion forced oscillation

RF Radio Frequency

ULF Ultra Low Frequency
VGIC  Voltage-gated ion channel
VLF Very Low Frequency

Geomagnetic field and navigation—animal migration

It is widely accepted that animals have a sense of orientation on Earth which allows them to migrate toward
specific directions, travel long distances and find specific locations, with most migratory animals (including
birds) migrating at night!~%. The biophysical explanation of this phenomenon has been a great challenge in
science and, especially after the early 1970s, one of the hottest topics in bioelectromagnetics/electromagnetic
biology with hundreds of scientific publications trying to explore and resolve this mystery!>>. It was reasonable
to assume that such an ability is related to the sensing of the geomagnetic field (GMF), which is mainly static
with specific orientation and a magnetic axis forming an angle of a few degrees with the Earth’s geographic
north-south axis and reversed polarity, i.e. the geomagnetic north pole is close to the geographic south pole and
vice-versa. The intensity of the GMF is maximal at the poles and minimal at the equator having an average value
at intermediate latitudes of ~ 0.5 G or ~ 50 pT°~7. Magnetic compasses, which are thin magnets rotating around
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a vertical axis in their center, orient parallel to the GMF lines indicating the geomagnetic south which is very
close to the geographic north pole. This is how people have been navigating for centuries by use of magnetic
compasses since they were discovered in the ancient times.

During the past fifty years, several hypotheses for mechanisms of animal magnetoreception have been
proposed, related mainly to a) biogenic magnetite found in living organisms, b) light-sensitive chemical
magnetoreception, and c) electromagnetic induction. There are certain weaknesses in those hypotheses which
we believe is one reason why the phenomenon of animal magnetoreception and navigation has remained
unexplained to this day"**3-11. According to!, “determining how animals orient themselves using Earth’s
magnetic field can be even more difficult than finding a needle in a haystack. It is like finding a needle in a stack
of needles”

Suggested hypotheses for a mechanism of animal magnetoreception

The first hypothesis is based on the existence of magnetite nanoparticles (Fe,0,) in living organisms'>!3. Such
particles were first found in denticle caps of chitons and in magnetotactic bacteria'4-12. Later it was reported that
they were also detected in certain other species including humans, birds and bees">!:13, It was suggested that
chains of magnetite crystals called magnetosomes found in the aforementioned organisms, reoriented by the
GMEF could act as compass needles subserving their magneto-sensing ability. It was claimed that magnetosome
chains anchored to nerve cell membranes near mechanically-gated ion channels were present in fish!%1%2,
and was hypothesized that these chains aligned under the action of the GMF they could possibly cause gating
(opening/closing) of such ion channels!*#49-1321-24 Yet, despite the many publications on magnetite-based
magnetoreception, no numerical calculations of the force/torque exerted by the GMF on magnetosomes were
presented or shown to produce the pressure required to open/close mechanically-gated ion channels. Neither was
shown how exactly this pressure is exerted on such ion channels by reorientation of magnetosomes supposedly
anchored in the plasma membrane. Thus, suggestions on magnetite-based magnetoreception remain largely
hypothetical, and in our view, complicated and unlikely. Ernst and Lohmann?® observed orientation changes
(lasting at least 10 h after exposure) in Caribbean spiny lobster (Panulirus argus) in response to magnetic pulses
that could theoretically cause magnetite rotation. But the effect could also be due to the fact that electromagnetic
pulses affect cells in various ways and initiate a plethora of biological effects?®?°. Thus, the observed effect
may be compatible with, but does not actually confirm the magnetite hypothesis. In a series of experiments
Malkemper et al.*° found no evidence of magnetite-based magnetoreceptor in the pigeon ear and suggested that
any possible inner ear magnetoreceptor would likely be activated by electromagnetic induction. This is in line
with Treiber et al.®!, and Edelman et al.* who found that structures previously suggested as strong candidates
for magnetite-based magnetoreceptors in pigeons were macrophages or non-magnetite iron accumulations.
Moreover, Edelman et al.3? correctly pointed out that in order for magnetic particles to be magnetoreception
sensors they should be found inside cells at exactly the same location and be associated with nerve tissue in
many individuals (in fact in all) of a certain species, which is definitely not the case with the animals in which
magnetosomes have been found. Thus, even though Kirschvink et al.!? claimed that magnetite biomineralization
is common in all living organisms including all animals and is the key for magnetoreception, this is apparently
not the case, apart perhaps from the magnetotactic bacteria, in which magnetosome chains of similar length
to the bacteria were clearly detected, and may indeed orient like magnetic needles in the GMF, dragging and
orienting in this way the entire organism.

The second hypothesis suggests that a light stimulus on a cryptochrome protein, a photoreceptive molecule
in the retina of bird eyes, induces the formation of pairs of free radicals (atoms/molecules each one having
an unpaired electron) which, in the presence of a magnetic field, align their spin momentums parallel or
antiparallel to the field, and, in this case, the GMF may change a radical pair from a singlet (parallel spins) to a
triplet (antiparallel spins) state and vice-versa. Then the corresponding signal related to changes in the singlet/
triplet yield is transferred to some hypothetical specialized sensory cell type that recognizes the GMF intensity
and direction®!%1133-38 This possibility has been specifically examined for birds and is considered the most
prevailing hypothesis, supposedly supported by chemical, physical, and biological facts***4°. But it has never
been explained how exactly the singlet/triplet yield in a sensory cell could provide the animal with the sense of
the GMF intensity and direction. Moreover, all free radicals are extremely bioactive because of their unpaired
electron and have an extremely short lifetime (usually ~107!-107s)*1*4. How do they provide sufficient time
for a complicated biological event to take place? Certain authors refer to “long-lived” radical pairs* but they do
not report their molecular identity or how much longer are their lifetimes than those of ordinary free radicals.
Most importantly, how can light which is non-ionizing, apart from vacuum ultraviolet which gets absorbed
in the upper atmosphere, induce the formation of radical pairs which is ionization? The only known physical
effect that induces the formation of radical pairs with non-ionizing radiation is the Electron Spin Resonance
(ESR) effect, in which the formation of free radical pairs with opposite electronic spins is induced by Radio
Frequency (RF)/microwave (300 kHz-300 GHz) radiation (usually 9-36 GHz) in the presence of a very strong
and spatially inhomogeneous magnetic field with corresponding intensities ranging between 100 pT and 1.3 T
(already significantly stronger than the GMF which actually is locally homogenous). The equation connecting
the frequency (v) with the magnetic field intensity (B) in the ESR effect in the case of free electrons, is:

qeh
hy =g, 2% p
V=g om.
(g, is the spectroscopic splitting factor, 5;’1 =9.27x1072* J/T the Bohr’s magnetone with g, m, the electronic

charge and mass respectively and 7i="h/27, h the PlancK’s constant)®. If a radical pair is to be formed by visible
light, this would require about four orders of magnitude even stronger magnetic field (than 100 uT—1.3 T),
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which is at least 20,000 times stronger than the GME The above facts make extremely unlikely the formation of
radical pairs by light in the presence of the GME, if not impossible. Furthermore, if light is necessary for animals
to be able to orient and navigate, why most migratory animals (including birds) migrate at night? The argument
provided by Mouritsen?that light-dependent magnetoreception could (hypothetically) be activated by just a few
photons and such a quantity of light is always present, is not convincing. Even if birds migrating during the night
receive a few photons in darkest nights, what about migrating fish at the bottom of oceans or animals moving
underground with literally no photons present? And why should an important sense be based on a trigger
that is limitedly available or not available at all? In our view, this hypothesis is also completely conjectural and
unrealistically complicated. It is unlikely that nature would work via complicated and thus, energy-consuming
mechanisms, when it could work in simpler and more economic terms (Occam’s razor or law of parsimony)“.
We searched for the facts supporting the hypothesis that magnetoreception requires light***3*. We did find
evidence that bird orientation is affected by light*”, which is reasonable, as birds definitely use visual landmarks
as complementary cues for their navigation, but we found no evidence that bird or other animal orientation
requires light and that it cannot occur without it. Therefore, it is mystifying to us that dozens of publications insist
on a hypothesis that combines magnetoreception with light sensitivity. An experimental study that showed birds
losing their orientation in the presence of “electromagnetic noise”*’and was reported>to support the radical-pair
hypothesis states that “the effects might be explained if hyperfine interactions in light-induced radical pairs or
large clusters of iron-containing particles are involved”. Thus*, provided neither proof nor support of the radical-
pair or the magnetite hypotheses, but simply speculated that perhaps the recorded effect could be explained by
one of these two hypotheses. Another study found that an Extremely Low Frequency (ELF) magnetic field (300
uT, 50 Hz) shortened the 24-h circadian period in fruit flies and that this effect did not occur in mutated flies
that could not produce cryptochrome?®. This result was also interpreted as supporting the role of cryptochrome
in magnetically sensitive behaviour (and, thus, the radical pair magnetoreception hypothesis) which is again
not the case, as the circadian period in all forms of life on Earth is controlled by the 24-h light periodicity, the
sensing of which involves cryptochrome/photoreceptive proteins. If the authors studied magnetic field effects
not related to circadian rhythms and light they would find no dependence on cryptochrome, as is the case with
the vast majority of the recorded ELF magnetic field effects on living organisms®726-2949:50,

The third hypothesis is based on the Faraday-Henry law of electromagnetic induction®® which states that
when the magnetic flow through a surface S enclosed by a closed conductive line I changes with time, a voltage
(and consequently an electric field) is induced along the closed line. The law implies that any accelerating animal
movement in a static and locally homogenous magnetic field such as the GMF will induce an electric field
in its body. In this way, the magnetic field would be converted into an electric signal detectable by putative
voltage-sensing cells/organs named electroreceptors, such as the ampullae of Lorenzini in elasmobranches
(e.g. sharks, rays, etc.)*>~>, or the inner ear, or the olfactory epithelium tissue of birds?». This scenario has
not been investigated in invertebrate species, because no “identified” electroreceptors have been attributed to
these animals®’. Electromagnetic induction has been studied in elasmobranches®®***and was recently proposed
to underlie the navigation of pigeons®*®, as suggested earlier®. It is considered that for animals to be able
to sense the GMF via electromagnetic induction, large internal ring-shaped structures filled with conductive
liquid would be needed which are more likely to exist in aquatic animals, and, thus, for terrestrial animals
another mechanism should be sought®. But in all living organisms, including terrestrial mammals, including
humans, there are endogenous weak electric currents consisting of ion flows through cells, cell membranes,
and whole tissues/organs, controlling practically all cellular/tissue functions. These endogenous physiological
currents flow through the extracellular and intracellular aqueous solutions and through ion channels in the
plasma membranes®'~%3. Therefore, while electromagnetic induction is an apparent physical effect, we do not see
why specific tissue structures are needed for electromagnetic induction to take place in any animal.

The possibility of electromagnetic induction in the GMF as a mechanism for animal orientation/navigation
has not been considered so far in accordance with the voltage-gated ion channels (VGICs) and the ion forced-
oscillation (IFO)-VGIC mechanism, which is an accepted biophysical mechanism for electromagnetic field
(EMF)-bioeffects!*4-¢7. By contrast, it was considered in relation to some hypothetical unknown organ or cell
type (“electroreceptor”) presumably located in the eyes**or in the olfactory epithelium?. But the eyes or any
sensory tissues are connected to neurons that transport the electromagnetic signals to the brain, and nerve cells
have higher percentages of VGICs in their plasma membranes than other types of cells?*68,

Apart from the various hypotheses for a mechanism to explain animal magnetoreception, orientation and
navigation with the weaknesses discussed above, the experimental work in the field is extensive, sophisticated,
and important by itself!~9-11:15-25,30-32,34-40,

Animal sensors for magnetoreception

The existence of specific organs to detect EMFs seems to be a common assumption among many researchers who
study animal electro/magnetoreception?. Threshold electric field values that can be detected by various animals/
organisms have been reported in papers to be as low as 107°-10~* V/m and even lower for certain species such as
the elasmobranches (~107° V/m)"70,

But why should there be specific organs (receptors) to detect EMFs when all animals and plants/trees are
equipped with the most sensitive EMF-sensors, in large numbers in all membranes of each of their trillions of cells,
which are no other that the VGICs, the most abundant class of transmembrane proteins forming ion channels
in the cell membranes in all cells of all animals®®®? It seems that this fact has escaped researchers’ attention
even though certain studies had long ago indicated the importance of VGICs as potential EMF sensors’!~",
Also, it seems that our published theoretical model has escaped attention, even though it has demonstrated, by
equations and accurate numerical calculations based on molecular data on the structure and function of VGICs,
that polarized and coherent applied oscillating EMFs, especially in the lower frequency bands, namely Ultra
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Fig. 1. Schematic cross-section of a VGIC with the four units (I-IV) in symmetrical positions around the
channel pore. Each unit consists of six parallel a-helices/subunits (S1-S6). The voltage-sensors of the VGIC are
the four S4 positively charged helices (+) one in each unit. The S4 are the closest to the pore-forming S5-S6
helices having less than 1 nm distance from the pore (modified from”*).
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Fig. 2. Schematic representation of a VGIC (a) closed; (b) opened.

Low Frequency (ULF: 0-3 Hz), ELF (3-3000 Hz), and Very Low Frequency (VLF: 3-30 kHz), can induce gating
(opening/closing) in VGICs at very low threshold intensities (down to ~107> V/m)*464-%, Instead, complicated
scenarios involving specific hypothetical organs supposedly serving as “electroreceptors” or “magnetoreceptors”
have been considered and developed. While several studies have considered the involvement of ion channels in
the final steps of eliciting a cellular effect in combination with the various suggested hypothetical mechanisms**°,
only a few recent studies have suggested a critical role of the VGICs, mostly in combination with electromagnetic
induction-based magnetoreception®-%’, and even those few studies, did not consider our detailed theoretical
model.

The suggestion we have introduced that VGICs serve as the sensitive EMF detectors in animals*+*-%does
not contradict the existence of specific structures in certain animals such as the ampullae of Lorenzini in
elasmobranches!*»**which may act as signal amplifiers in those animals, collecting and amplifying signals
from many VGICs and many cells. The existence of amplifying mechanisms in certain species may explain
their enhanced electromagnetic sensitivity compared to other animals and to the VGIC sensitivity that we have
theoretically calculated 446,

VGICs: The most sensitive electro/magnetoreceptors. Structure and function. Purpose of the
study

It is known that VGICs convert from open to closed states and vice-versa by membrane voltage changes
dV>30 mV which exert forces on their voltage-sensors (more specifically VGICs respond to changes between
~30 and ~100 mV). The voltage sensors of the VGICs are four symmetrically arranged, transmembrane,
positively charged a-helices (subunits), each one named S4. They occupy the 4™ position in a group of 6 parallel
a-helices (S1-S6) (Fig. 1). They are the closest helices to the pore apart from the S5-S6 helices which form the
pore walls. The channel consists of four identical such groups (units I-IV) in symmetrical positions around the
pore of the channel (Fig. 1, 2a, b). More specifically, the sensors are positive Lys and Arg amino-acids in the $4
helices. The effective (net) charge on each $4 sensor has been calculated to be g=1.7q,, where g is the elementary
charge. The positive charges of the S4 sensors are paired with negative charges from adjacent helices so that the
net charge in the pore of the channel is zero. The ions pass dehydrated and in single file through the channel
pore. The narrowest part of the pore is called the pore gate. At least four dehydrated mobile ions are very close
any moment to the S4 sensors at a distance of the order of 1 nm, as - except for the ion(s) that may be passing
through the pore gate any moment or is just outside the pore gate ready to pass — at least three more are bound
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Fig. 3. Schematic representation of the forces dF exerted on the S4 positive charges in a VGIC due to
displacement dr of an oscillating ion in the channel pore.
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Fig. 4. A cell with inward and outward ion flows through VGICs in its plasma membrane and consequent
alterations in intracellular concentrations of critical ions (K*, Na*, Ca?", etc.).

at specific ion-binding sites very close to the gate®”:¢>74-78 While VGICs are normally gated by ~30-100 mV
voltage changes in the very strong transmembrane field, in other words respond to field changes between 3 x 10°
and 107 V/m, they may also respond to very weak polarized, coherent, and varying EMFs down to ~10~° V/m
via the forced-oscillation such EMFs induce on mobile ions in close proximity (<1 nm) to the sensors. This
happens because the force exerted on the S4 sensors by oscillating ions in close proximity, depending upon
the inverse third power of the distance between charges (see Eq. 2 below), is much greater than a direct force
from an externally applied EMF*4. The aforementioned (at least) four ions close to the pore gate, once forced
to oscillate in phase, exert constructive forces on the S4 sensors able to gate the channel, and this is a critical
point for understanding the described IFO-VGIC mechanism (Fig. 3). The ion transit time through an open
VGIC (e.g. a VGIC sodium channel) is calculated to be ~0.4 X 10775457, and the time needed for the channel
to open/close is ~2.5x 10-3s%. This gives enough time to any polarized EMF oscillating with a frequency up to
~100 kHz to interact with the channel sensors during just one semi period and cause gating (opening/closing)
with subsequent alterations in intracellular ionic concentrations and cell redox state and homeostasis (Fig. 4).

We have shown in the IFO-VGIC mechanism by precise numerical calculations that VGICs respond
to changes of polarized and coherent electric fields down to ~107>-10"4V/m**%>-¢7, which is in impressive
agreement with the reported threshold intensities for man-made EMFs to be sensed by various animals and
cell/tissue cultures"7%7°#%, and very close to the increased sensitivity of elasmobranches. VGICs exist in great
numbers in all cell membranes of all living cells. Moreover, as mentioned already, their numbers/percentages are
significantly greater in neurons (nerve cells) as the Na*™ and K* VGICs are necessary for the transmission of the
nerve impulses, and especially in brain neurons*>%%,

The purpose of this theoretical study is to test whether the IFO-VGIC mechanism can explain the sensing of
the GMF by moving animals, and specifically, whether it can explain the sensing of their direction and position
in relation to the GME which are both necessary for orientation and navigation.

Biophysical mechanism of animal orientation and navigation

Applying the IFO-VGIC theory to the problem

Consider an animal, e.g. a bird, moving in any direction parallel to the Earth’s surface with a drift velocity
u,, ~ 20 m/s (Fig. 5). Every charged particle in its body, and specifically a mobile ion of charge zq, (z the ion
valence, and g, the elementary charge) within a VGIC and close to the S4 sensors (at a reasonable distance
of ~1 nm) in a plasma membrane in any cell of this animal, is subjected to a magnetic force by the GMF of
magnitude,
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Fig. 5. Magnetic force Fj, on electrically charged particles (mobile ions) in the cells of a migrating bird on
Earth flying with velocity u_, in a direction forming angle ¢ with the geomagnetic field intensity B, which

is unique at every latitude. For any given velocity magnitude and velocity variation rate, the magnetic force
depends upon ¢ and B_ (direction of motion and latitude), providing the migrating animal with the sense of
its direction and position on Earth. (N: geographic north pole. S: geographic south pole. MN: magnetic north
pole. MS: magnetic south pole).

Fp = 2getan X By, or F'p = 2qetan By sing (1)

(¢ is the angle between the animal velocity u and the GMF intensity B ).

This magnetic force is vertical to the animal velocity and would restlt in a curved motion of the ion within
the channel protein. The radius of this curve (r=mu_ /2q,B,) depending upon ion mass (m,), charge (zq,),
velocity (u, ), and B, is calculated to be of the order of 0.1 m. *Ihis is too large compared to the available space
for an ion within a channel protein (a few A), and thus we can reasonably accept that the ion’s displacement dr
within the channel due to the magnetic force is practically linear.

Such magnetic forces will be exerted on any mobile ion in the animal’s body and specifically within any VGIC,
causing a displacement dr from its “initial” position which in turn exerts an additional Coulomb force dF on the
S$4 voltage-sensors of the VGIC which may result in the opening/closing (gating) of the channel®*%>73 (Fig. 3).
This additional Coulomb force on each S4 sensor due to the ion displacement dr is described by the equation:

q - 2Qe
dF = ——"-d
2mee,T3 " 2)

with g=1.7 q, the effective (net) charge of the S4 sensor, zq, the mobile ion charge, ¢, =8.854-102 N"! m2C? the
vacuum permittivity, & ~4 the relative permittivity of the ion channel, and r=1 nm the “initial” distance between
the two charges”*8!.

The minimum required force on the S4 charge, perpendicular to the membrane, generated by a change of
30 mV in the transmembrane voltage required to gate the channel normally, is calculated to be**64-66;

dF =816 x 107N (3)

This force, according to Eq. 2, corresponds to a minimum required displacement of one z-valence ion within the
channel along the direction of the channel axis*464-¢7;

dr =4x10""%/z (in m) (4)

According to the IFO-VGIC mechanism and the standard oscillation mechanics, the equation that describes the
motion of this mobile ion in an animal moving with velocity u,, forming an angle ¢ with the GMF intensity B,
with the forces exerted on it, is written as:

2
mi% + ﬁ% + my wﬁ T = 2ge Bguan sin ¢ (%)

where m, is the ion mass (e.g. m,~3.8x 1072 kg for sodium ions), r the ion position during its displacement
due to the applied magnetic field, z the ion valence, q,=1.6 X 1079 C the elementary charge, 8 the damping
coefficient (found to be within channels, f= E’Zijqe =6.4z% 107 "? kg/s, with E, ~ 107 V/m the transmembrane

electric field, and u,=0.25 m/s the maximum ion velocity through an open channel), and w_ =27rv_ (v the ion’s
oscillation self-frequency)#4646567,
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d?r
i dt?
force, the second term (B <) is a damping force, and the third term (mw ?r) a restoring force exerted by the
medium**64-%6, These are the standard forces in a forced-oscillation equation, with their parameters depending
on the specific system.[Note: The damping force is always opposite to the velocity of the particle. The restoring
force is always directed toward the equilibrium position and it is a function only of the position of the particle.
Any particle within a material medium displaced from a considered position will receive a restoring force toward
its initial position.]

In order for an applied polarized and coherent electric or magnetic field to be able to gate (open/close) a
VGIC it has to be oscillating/varying in time. Invariable static fields such as the very strong cell membrane
field or the geomagnetic and the geoelectric field (GEF) do not normally cause VGIC gating and subsequent
initiation of biological/health effects. Those fields only induce biological/health effects during 20-30% changes
in their intensities taking place physiologically during membrane depolarizations, or during magnetic storms
respectively®”%2. In the case of an oscillating/varying magnetic force, Eq. 5 describes a forced-oscillation of the
ion (IFO). In the simplest case of a harmonically oscillating magnetic force F,,= F sinwt with amplitude F, and
circular frequency w=2nv (v the frequency) due to a harmonically varying animal velocity,

The right part of Eq. 5 is the magnetic force on the ion. The first term of the left part (m ) is the resultant

Ugn = Ugno SiN wt (6)

in a direction forming an angle ¢ with the GMF B, the solution of Eq. 5 describing the forced-oscillation of the
mobile ion is#4646567;

Bguanozge sin Bgugvezqe sin
_ gUanoZ(Qe SOCOS wt + gUaveZ(e %2

7
B o 7)
Since the animal velocity varies but is always in one direction, sinwt >0, or 0 < wt < 7. This does not affect Eq. 7.
In this case u,, is the average velocity (~ 20 m/s) which varies with animal movement, e.g. in birds with winging.

The first term of the solution (Eq. 7) is an harmonically oscillating term with an amplitude

A— Bgtanozge sin ¢ ®)
Bw
and the second is a constant term equal to this amplitude A. The constant term displaces the whole oscillation
at a distance equal to A. Thus, the moment when the variable force is applied (i.e. when the animal acceleration,
e.g. winging, starts) there is a sudden-instant push of the whole oscillation at a distance equal to A due to this
constant term (Fig. 6). For pulsing fields with on/off pulses this instant push takes place repeatedly at the onset
of every next pulse, making the pulsing fields considerably more bioactive than corresponding continuous-wave
fields. The maximum displacement of the ion in one direction during the forced-oscillation is always 2A (Fig. 6).
When the temporal variation in the velocity is not harmonic but periodic in general, the result is still the
same, with the time dependence of the varying term not harmonic but simply periodic.
Therefore, in order for an applied oscillating EMF to be able to induce biological effects via opening/closing
of VGICs it must be able to displace a z-valence mobile ion at a distance equal or greater to the distance given by
Eq. 4, in other words it must induce an IFO that satisfies the condition

24 >4 x107"%/z (in m) )

Hence, the potential of an EMF to induce VGIC gating is proportional to the IFO amplitude, and thus,
proportional to its intensity and inversely proportional to its frequency (Eq. 8).[Note: In previous publications
we wrote A >4 X 107'? m for a single-valence ion and considered a double amplitude (24) only for pulsed fields.
Actually, the max displacement is always 2A whether the field is continuous-wave or pulsed.]

Distance ¥

-A

Time

Fig. 6. Representation of the ion oscillation (displacement r from initial position with respect to time) due to
a harmonically varying applied electric or magnetic force (solid line) (as described by Eq. 7 in the case of the
GMF). The same oscillation without the constant term in Eq. 7 is represented by the dashed line. In both cases
the maximum ion displacement in one direction during the oscillation is 2A (A the oscillation amplitude). The
moment the force is applied there is an instant displacement of the whole oscillation at a distance equal to A.
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Let us accept that u_, varies by+50% from the average velocity u,, due to the bird’s winging (which is a
reasonable variation for a moving animal), with the bird winging a few times within 1 s (accelerating), and then
continuing without winging (decelerating) for another 9 s which is a usual case for a flying bird/moving animal,
and that this mode of winging is repeated during its flight (Fig. 7). In such a realistic case the basic frequency of
velocity variation is 0.1 Hz.

What is necessary for an animal/human to navigate is a coordinate system with a reference axis (which in
this case is the GMF axis) and a zero point on it. Then, in cyclic coordinates in two dimensions, the location and
orientation at each point of the journey is determined by a) the distance from the zero point, and b) the angle
between animal velocity and the reference axis. We may reasonably accept that the zero point is the starting
point, usually the home or birthplace of the animal.

In the following, instead of the resultant GMF intensity B , we shall consider separately the effects of its
horizontal (B ,) and vertical (B,,) components which have unique values at every specific location along the
GMEF axis (i.e. at every different‘iatitude).

Sensing the direction of motion (angle between velocity and B )
The intensity of the horizontal component of the GMF B, ata specific locafion required to gate a VGIC oriented
parallel to the magnetic force via one z-valence ion moving with a periodically varying animal velocity of average

value u,, =20 m/s in a direction forming an angle ¢ with B, must satisfy Condition 9:
g/

B, //UanoZqe Sin

2 o

>4x107"%/z (win rad/s, uen in m/s, By in T) (10)

Replacing u,, by 0.5 u,, to incorporate the velocity variation, and substituting the values of the various
parameters, we get:

By sing > 0.5x 10 *v/z (vin Hz, B, in T), (11)
or
By sing > 50v/z (vin Hz, B,/ in uT) (12)

For four double-valence ions acting simultaneously on the S4 sensors, the right part is divided by 8 and the
condition becomes:

By sing > 6.25v  (vin Hz, By in uT) (13)

Substituting v by 0.1 Hz, we finally get, approximately:
By sing > 0.6 uT (14)

which is the final condition for the magnitude of the horizontal component B , of the GMF at a specific location
to be sensed by an animal moving horizontally with an average velocity u , ~20 m/s forming an angle ¢ with
Bg/ - For sing =1, this final condition is well satisfied (by ~25-58 times), since Bg// ~15-35 uT at North African
and European latitudes®.
In this case the animal velocity is vertical to B . Thus, when the animal moves vertically to B ,, i.e.
. . SRS /4 . NN
approximately in the east-west direction, its motion in' the GMF causes a maximum effect on VGIC gating, which

Animal Velocity U gy, (m/s)

Time (s)

Fig. 7. Periodic variation in the velocity u,, of a migrating bird with respect to time: Increase in the velocity
from 0 to 1 s by three flutters, slowing down for the next 9 s with no fluttering, acceleration by another three
flutters between 10t and 11t s, and so on.
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may be sensed by the animal as a type of mild cellular stress. The effect on VGIC gating and the corresponding
cellular stress will diminish as the angle between the animal velocity and the B ,, decreases from +71/2 to zero
depending on sing, and thus, the sensing will be different for every different direction of the animal motion, and
the effect will be zero when the animal moves along B, . Because Cond 14 for sing=1 or 9= + /2 is satisfied
by ~25-58 times, it comes that for 0 < ¢ <71/2 it is still satisfied enough to provide the animal with a direction
sensitivity of ~1.5-3.6 degrees which is reasonable and adequate for migration.

Thus, it seems that a migrating animal senses zero stress and has a most relaxed journey when it moves along
the north-south direction of the GMF (along B ). The migrating animal receives a mild stress when it moves
in any other direction, with this mild stress increasing as ¢ changes from 0 to+7/2 and becoming maximum
with ¢ = +71/2 when the animal moves vertically to B ,. This automatically provides the animal with the sense of
direction in its motion. Whether the direction is left or right with regard to B, we may assume it is known to a
migrating animal, as all animals and humans have the sense of right and left at any moment.

Therefore, we have shown that animal acceleration parallel to the earth surface with any angle other than 0
(or 180) degrees from the horizontal component of the GMF induces a magnetic force on mobile ions in VGICs
in their brains/bodies capable of altering VGIC state, and, consequently, cell homeostasis. This magnetic force
depends upon the horizontal component of the GMF (B,,) which has a unique value at every different latitude,
the animal velocity (u_,), the angle between these two vectors, and the magnitude and rate of velocity variation.
For any given values of B ,, velocity, and velocity variation, it depends only upon sing as shown by Cond. 14,
providing the animal with the sense of direction (i.e. orientation).

Sensing the latitude (position along B,

Sensing the declination of its velocity from the éMF north-south axis alone is not enough for a migrating animal
to navigate. For this, the additional sensing of its position along the north-south axis (latitude) is required. Here
comes the role of the vertical component of the GMF B .+ Letus consider a drifting animal (e.g. bird, mammal,
fish, insect, etc.) accelerating in any direction parallel to the Earth surface and thus vertically to the vertical
component of the GMF B_|. In this case sing =1, and the requirement for a static magnetic field and an animal
average velocity u_ =20 m/s varying periodically by +50% in order to be able to cause VGIC gating (opening/
closing) is (as Cond 13):

By >6.25v (vin Hz, By, inuT) (15)

and again, for the accepted basic rate of 0.1 Hz in the+50% variation of the average velocity, the condition
becomes approximately

By, > 0.6uT (16)

The final Condition is well satisfied (by ~ 50-83 times), since B ,~30-50 uT (for North Africa — Europe, or USA
— Canada latitudes)®, and thus, the animal can sense the vertlcal component of the GMF during its motion.
This effect is independent of the direction of animal motion and only depends upon the magnitude of the GMF
vertical component B |, which is (alike B, /) unique for every different location along the north-south direction
(latitude). Thus, the animal can sense the latitude of each location along its motion. As the animal moves from
the meridian toward the poles, the magnitude of the vertical component of the GMF B, increases and vice-
versa, and this provides a unique sense of its position along the GMF north-south axis.

We note that, according to our calculations, the effect of sensing the latitude is about twice stronger than
the maximum effect of sensing the direction of motion (Cond. 16 is satisfied by 50-83 times, while Cond. 14 is
satisfied by 25-58 times when sing=1).

Electromagnetic induction and its complementary role in sensing the latitude

As we showed, the GMF can directly induce a biological response related to the declination of animal velocity
from the GMF north-south axis and the latitude of the location. A similar effect in sensing the latitude can be
elicited indirectly by the magnetically induced electric field E, , in the accelerating animal body according to the
Faraday-Henry law of electromagnetic induction (Maxwell’s third equation of EMF):

., - d [~ .
sznddl:*a/BUNdS (17)
S

l

(é, Eind, the magnetic and the induced electric field intensities respectively, dl an incremental length along a
closed conductive path [ of induced electric field circulation in the animal body enclosing a surface S, and un
the unit vector vertical to S).

The left part of Eq. 17 represents the circulation of the induced electric field along the closed line /, and the

right part is the temporal change of the magnetic flow f B -iindS through the enclosed surface S.

Let us consider S parallel to the Earth surface. In this case the horizontal component of the GMF B, ,has no
effect as the second part of Eq. 17 is zero. Since B, is vertical to and independent of S and can be c0n51dered
invariable in time at the specific location, and assuming E, , parallel to and independent of [, Eq. 17 becomes:

Scientific Reports |

(2024) 14:30053 | https://doi.org/10.1038/s41598-024-77883-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

ds
Find % dl = _BgLE (18)

l

Assuming for simplicity that [ is by average a circular path of radius r including the surface S, and active S swept
by the magnetic flow (considering S as an ellipse the one half axis of which r” is in the direction of motion with
its length varying in time proportionally to the animal’s acceleration a, thus dr’/dt=ax, and S=nrr’, with r the
other half axis) depending on animal acceleration*, we get

Eina2nr = By wrak (19)

or
Eind = (Bgl/Q) ar (20)

(Emd inV/m,B, inT, rin m, a in m/s% and « a proportionality coefficient).*[Note: For a>0, ' >r; for a<0,
r'<r; and for a=0, r'=r. Since acceleration/deceleration interchange during motion, we may accept that
average r'equals 7.]

Interestingly, we see that the induced electric field in the animal body is independent of r, the radius of the
circular path, and thus independent of the animal’s size, depending only upon B, and a.

By replacing in Eq. 20, =20 m/s? the magnitude of bird acceleration during its flight that we have accepted
(2% 0.5%20 m/s?),and k=1 s for simplicity, we get:

E, ,(in uV/m)= 10B,, (in pT), and for B, ~30-50 uT, we get E, ; ~ 300-500 uV/m, or

Eina ~ (30 — 50) x 107° V/m 1)

This is the induced electric field intensity along a closed conductive path in the body/brain of a flying bird/
moving animal.

According to the IFO-VGIC mechanism, in order to be able to cause VGIC gating, the induced electric field
E, ,with circular frequency w = 27v (v the frequency) and in the case of four z-valence ions oscillating in parallel
and in phase, must satisfy the condition®¢4-67;

EindZQe —12
— 2>10

Bw = /2 (22)
where ¢,=1.6x 107" C the elementary charge, and 3 the damping coefficient (being within an ion channel
B=6.4zx 1072 kg/s). For double-valence ions we get:

Eina > 120 x 107" (vin Hz, Eingin V/m) (23)
Substituting v=0.1 Hz, the variation rate in animal velocity, the condition finally becomes:

Eina >1.2x107°V/m (24)

The final condition provides the minimum induced electric field required to elicit a biological effect via VGIC
gating and, as we can see, the calculated E, , (Eq. 21) is greater by ~25-42 times.

Therefore, it comes that the effect of the magnetically induced electric field E, ; due to electromagnetic
induction is about 50% smaller than the direct effect of the vertical component of the GMF B (which satisfies
the corresponding Cond. 16 by ~50-83 times), and thus, E, , contributes complementarily to the sensing of the
latitude by the moving animal.

Altogether, it comes that the sensing of latitude by a migrating animal, via both the direct effect of B, and
the indirect effect of E, ;, is about 3 times stronger than the maximum sensing of its direction of motion via B,

The case of stationary or slow-moving animals that quickly move their heads/bodies

The above numerical results refer to fast moving animals that accelerate towards the direction of their journeys
(such as birds, fishes, wild mammals, hunting dogs, etc.). Yet, the described mechanism can also work for animals
that move slowly or they are even confined/tethered but quickly move their heads/bodies perpendicularly to
their body axis, i.e. left-right or up-down with respect to their body axis. In such a case we can assume similar
movement rates as in Fig. 7, i.e. an animal that moves its body perpendicularly to its body axis three times
left-right per second and then remains still for the next few seconds and all this is repeated every 10 s. We may
assume a reasonable average left-right (or up-down) velocity of its head/body of approximately 1 m/s and a
corresponding acceleration of approximately 12 m/s?. We have 20 times smaller velocity than in the previous
calculations (for Cond. 14, 16, and Eq. 21) but we now have 100% variation in the velocity (it varies from -u_,
tou,, ), and applying Cond. 10 we get approximately ten times weaker effect. Specifically we get B, sing > 500v
/z (vin Hz, B ., in uT) instead of Cond 12, which for four double-valence ions, it becomes B / Sing>62.5,
and for v=0.1 Hz, we finally get approximately B, sing>6 uT which is satisfied by ~2.5-5.8 times for singp=1
(which is now the case when the animal body axis is parallel to the GMF north-south axis). This shows that
even a confined or tethered animal with zero velocity forward can still sense its orientation with respect to the
GMF north-south axis by quickly moving its head/body perpendicularly to its body axis. Similarly, we can
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get a corresponding condition to Cond 16 (with approximately ten times weaker effect) for the sensing of the
latitude (vertical GMF component) B, 26T, (satisfied by ~ 5-8.3 times), but only when the animal moves its
head/body left-right (sing=1) and not up-down, as in the latter case sing =0 and there is no effect. Finally we
can get a corresponding equation to Eq. 20 for the induced electric field in its head/body, in this case due to
the horizontal GMF component E, ,=(B / /2) ax with ~ 1.7 times weaker effect due to the smaller acceleration
(20/12). This gives E, , ~ (18-29) X 107 {//m (instead of Eq. 21) which satisfies Cond 24 by ~ 15-24 times. In
this case the induced electric field complements the sensing of the horizontal GMF component (orientation).

Thus, even stationary (confined/tethered) animals that quickly move their heads/bodies can sense their
position and orientation in a lesser but still significant degree than the fast-travelling animals. In fact, all animals
in some degree move their heads/bodies perpendicularly to their body axis during their journeys, increasing in
this way their sensitivity of navigation.

Figure 8 shows a graphical summary of the mechanism described above for animal magnetoreception,
orientation, and navigation.

Discussion
Review articles have underscored the inability of previously suggested biophysical mechanisms to explain animal
magnetoreception, orientation and navigation on Earth’*%10, and more specifically, the “lack of biophysical
mechanism through which the weak GMF might lead to the controlled depolarization of a sensory nerve
membrane”!?. In the present study we have described such a biophysical mechanism, even though we did not
consider membrane depolarization specifically, but VGIC gating, which is a closely connected event, as VGICs
are normally gated by membrane voltage-changes (including depolarizations) and vice-versa®%%7, Specifically,
we have described a biophysical mechanism of controlled VGIC-gating in the animal cells, due to magnetic (or
magnetically induced) forces depending on animal position and direction of motion, and consequent alterations
of intracellular concentrations of critical ions (K*, Na*, Ca2*, etc.). These controlled alterations in cell homeostasis
provide the animal with the sense of orientation and position on Earth and, thus, with the ability of navigation.

We have shown that the angle between animal velocity and GMF axis (direction of motion) as well as the
position along the GMF axis (latitude) can be sensed by moving and periodically accelerating animals on Earth.
The sensing is accomplished via the change elicited by the horizontal and vertical components of the GMF
intensity and the induced electric field in the electrochemical balance of the plasma membranes in the animal
cells, which in turn determines redox state and homeostasis in all cells, including neural. Hunting dogs have
been observed to run a fast curse of 20-30 m before taking the direction to return home®*%. By doing this,
they seem to activate their biological compass and their sense of orientation and position as the present study
describes. Since nerve cells, especially in the brain, have higher percentages of VGICs than other types of cells/
tissues, they are reasonably expected to be more affected in their electrochemical balance/homeostasis by EMFs
including the GME

As repeatedly reported in the EMF-bioeffects literature, living organisms are not particularly affected by
static electric or magnetic fields but mostly by oscillating/varying (and polarized) ones. This is of particular
importance for understanding the IFO-VGIC mechanism, and the essence of the biological effects of EMFs, as
the VGICs are not gated by the normal voltage/electric field across the cell membrane, but only by membrane

1. Migrating animal moving with velocity u,, in a direction forming angle ¢
with geomagnetic field intensity B,, receives magnetic forces on mobile ions
in its cells Fg =zq,u,, B, sinp (zq, mobile ion electric charge)

2. Periodically varying animal velocity induces varying forces Fj on ions,
forcing them to oscillate

3. Oscillating ions in Voltage-Gated
Ion Channels (VGICs) exert forces on
S4 positive charges, and induce VGIC
gating, depending upon B, (latitude)
and ¢ (direction of animal motion)

4. Controlled VGIC gating, depending upon latitude and
direction of motion, alters ionic concentrations in cells
accordingly, providing the animal with the sense of position and
orientation (i.e. navigation)

Fig. 8. Graphical Summary of the mechanism of animal magnetoreception, orientation, and navigation.
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voltage changes of the order of 30% in this voltage/field that cause membrane depolarization. In other words,
VGICs do not respond simply to the presence of an invariable (static) electric field. The same holds for the
static magnetic fields. This is the reason why the GMF and the GEF are not particularly bioactive under normal
conditions but they become bioactive when ~20% changes in their normal intensities occur during magnetic
storms®. Biological effects from static electric or magnetic fields have been reported in the literature and they
may be due to either very strong intensities that can directly interfere with the endogenous electric currents in
cells and tissues, or to the onset/removal of the static field exposure, or to various other fields in the form of noise
that most of the times coexist with the static fields and are due to the electric/electronic circuits that are used
to generate the static fields. This should be investigated by those groups who have reported biological effects of
static electric or magnetic fields.

As most people have observed, birds wing only sporadically during flight. They usually wing a few times and
then fly a long distance for several seconds without winging. Similarly, fishes and other aquatic animals move
their bodies/tails left-right or up-down a few times and then drift for several seconds while their bodies are still.
As the present study shows, this is obviously done not only for energy saving reasons, but also for activating
their sensing of orientation and position. We showed that according to the IFO-VGIC mechanism, the lower
the winging (or body movement) rate (frequency of velocity variation) the stronger the induced effect and the
corresponding sensing of their orientation and position. This comes from the IFO-VGIC theory**¢4-%7 which
shows that the bioactivity of an applied EMEF, represented by the amplitude of the ion forced oscillation, is
inversely proportional to its frequency (Eq. 8). The physical explanation of this result is that, due to inertia, the
higher the frequency of the applied force, the smaller the amplitude of the forced oscillation, as the ion cannot
follow the fast changes of the force, except if its oscillation amplitude becomes smaller.

The effect in a moving animal’s brain/body due to periodic acceleration within the GME, as estimated in the
present study, varies according to the animal’s velocity, and acceleration, with velocity variation rates in the ULF
(0-3 Hz) range. The dependence on velocity, velocity variation, and frequency (variation rate) is shown in Egs. 1,
5, 20, and Conditions 10, 13, 15. The forces exerted on the VGIC S4 voltage sensors are slow-varying at ULF
rates, arising from the variations in the animal velocity. The slow-varying forces are in a specific direction related
to the direction of motion, and thus are polarized which is a condition for the application of the IFO-VGIC
mechanism®®’. These polarized slow-varying electromagnetic forces arising whenever the animal accelerates
(e.g. when a bird flutters) or decelerates, are applied on the VGIC $4 sensors in the plasma membranes of various
cells at different angles with respect to the channel axes depending on the orientation of each VGIC. Those
channels that their axes are oriented parallel to the forces (vertically to the GMF intensity) will receive forces on
their voltage-sensors most effective in altering their channel state from opened to closed and vice-versa.

Our present study shows that animals/living organisms do not need specific organs/cells for sensing polarized
EMFs (including the GMF), as they are all equipped with VGICs in great numbers in all their cell membranes,
especially in neurons/brain cells, which according to the IFO-VGIC mechanism can sense ELF/ULF electric
fields down to ~107> V/m**%4-67_ This explains all known EMF-bioeffects including magnetoreception. Yet, this
does not contradict the role of specific organs in certain electrosensitive animals that move slower than e.g. birds
such as the ampullae of Lorenzini in elesmobranches which may further amplify VGIC signals.

We demonstrated by accurate calculations that migrating animals can sense; a) their direction of motion with
respect to the GMF north-south axis through the effect exerted on them by the horizontal component of the
GMF (Bg ), and b) their latitude through the direct effect exerted on them by the vertical component of the GMF
(B,1), aiid complementarily through the indirect effect of the corresponding induced electric field. These effects
on animals take place through the variations in the force exerted on their VGIC sensors due to corresponding

variations in their velocity.

Because the GMF varies by less than 1 uT over distances of several km along the GMF north-south direction,
and we have shown (Cond. 14) than the weakest magnetic field a moving animal can detect is ~0.6 pT, migrating
animals may not sense differences within less than ~10 km along the axis, and therefore they use additional
senses such as vision, smell, etc., and environmental signals, such as differences in humidity, temperature,
altitude/atmospheric pressure, etc. to find exact locations>*®. Perhaps this difficulty in sensing the latitude by a
migrating animal due to the small differences in GMF intensity per km is the reason why the sensitivity in the
latitude (resulting from the combined effect of B, . and E, ) is found to be about 3 times higher than the max
sensitivity in the direction of motion.

It should be noted that in the solution (Eq. 7) of the differential equation (Eq. 5) for the ion forced-oscillation
due to the oscillating force exerted by the externally applied EMF (in this case the GMF), the constant term
does not actually increase the ion maximum displacement which is always twice the amplitude of the forced
oscillation (Cond. 9) but it doubles the ion displacement only during the first semi-period, and displaces
the whole oscillation at a distance equal to its amplitude. With a pulsing field emitting on/off pulses, the
displacement of the whole oscillation is repeated in a unique direction with the onset of every successive pulse.
Most importantly, the pulse repetition frequency is always significantly smaller than the carrier frequency within
the pulses, making the pulsed EMF exposure significantly more bioactive, as bioactivity is inversely proportional
to the frequency according to the IFO-VGIC theory (Eq. 8, 10). These are the reasons why pulsing EMFs are
found in many studies to be more bioactive than uninterrupted (continuous-wave) EMFs of the same intensity
and carrier frequency. For a review of comparison studies between pulsing and corresponding continuous-wave
manmade EMFs with respect to their bioactivity, see®.

Even though for standing animals/humans on Earth, it has been shown that a ULF/ELF electric field may be
more bioactive than a magnetic field of the same frequency and waveform in inducing VGIC gating?6:446465.67,
the magnetic field becomes increasingly bioactive for moving animals, especially fast moving ones such as birds,
or humans in fast moving vehicles, as the magnetic force on the ions close to VGIC sensors is proportional to the
animal/human velocity (Eq. 1). This increases the bioactivity of magnetic fields in the case of moving animals/
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humans than in the case of stationary ones. Indeed, for a still stationary animal, the maximum ion velocity is that
through an open ion channel (0.25 m/s)%+%7, while in the case of a moving animal with =20 m/s the velocity
of the ions and the corresponding GMF force on them is 80 times greater. In cases of stationary or very slowly
moving animals the effect of the magnetic field (including the GMF) can again become significant when the
animal quickly moves its head/body left-right or up-down with respect to its body axis.

Certainly, anthropogenic ELF/ULF magnetic fields of similar magnitude to the GMF, e.g. from electric power
transmission lines, wireless communication base antennas/towers, etc., can interfere locally with the GMF
distorting its intensity and/or direction, and thus disrupting the ability of animals to orient and navigate?>47:55:86,

We showed that the IFO-VGIC mechanism can explain the orientation and navigation ability of the moving
and accelerating animals on Earth. This may contribute significantly to resolving the problem of animal
magnetoreception, which has been a mystery for centuries and has remained as such until today, despite the
systematic research on this during the past 50-60 years (see!~*17).

We showed that the IFO-VGIC mechanism plausibly explains animal magnetoreception, orientation and
navigation according to established physical laws, molecular/biological data, and accurate mathematical
operations. Additional confirmation on the validity of this mechanism is: a) Already in Panagopoulos et al.
(2002)%> (Fig. 3) it was shown that the intensities and frequencies used in many experiments that had shown
ELF EMF bioeffects in cells and animals were within the bioactive values predicted by this theory. Since then,
it has been shown that this theory explains most (if not all) recorded bioeffects including oxidative stress
and genetic damage induced by anthropogenic ELF EMFs*+¢’. b) The same mechanism has explained the
sensing of upcoming thunderstorms by sensitive individuals®’, and the sensing of upcoming earthquakes by
animals®through the action of the partially polarized natural ULF/ELF EMFs associated with these phenomena.
¢) It is experimentally confirmed that ELF EMFs can gate VGICs in cell membranes of various cell types and
alter intracellular ionic concentrations at very low field intensities**#°-%2. d) It is experimentally confirmed that
ELF EMFs induce biological effects in isolated tissues at very low threshold intensities (~ 10V/m)”*% as those
predicted by this theory. e) It is experimentally confirmed that ELF EMFs are sensed by animals at very low
threshold intensities (~ 107>-10*V/m) coinciding with those predicted by this theory"”°. Such evidence does not
exist for the previously published hypotheses.

For further and more specific experimental confirmation of the IFO-VGIC mechanism in animal orientation
and navigation, an experimental setup could possibly consist of a) a proper biological system (e.g. cell cultures
or isolated cells/neurons); b) similar conditions of motion as those described in our numerical calculations (e.g.
as in Fig. 7 and/or for a stationary animal that quickly moves its head/body perpendicularly to its body axis); c)
assessment of intracellular concentrations of critical ions (e.g. Ca®*, Na*, K* etc.) and/or measurement of VGIC
ion currents before and after motion, without and with use of channel blockers; d) testing of different motion
orientations with respect to the north-south GMF axis.

In contrast to the previously suggested hypotheses to explain animal magnetoreception which restricted in
qualitative descriptions on how these mechanisms might work at cellular level, our proposed mechanism results
in accurate numerical predictions and a complete description of the VGIC-gating effect induced in the cells of
a moving and periodically accelerating animal on Earth, depending on the specific values of GMF intensity,
animal velocity, acceleration, and acceleration rate, which in turn determine animal orientation and navigation.
While previously suggested hypotheses were unrealistically complicated, none of them had specifically shown
how exactly migrating animals determine their direction and position and they only restricted in searching how
the GMF could elicit a cellular/biological effect in general, without finding that either.

Kirschvink et al.!” stated that over the past years “a plethora of biophysical transduction hypotheses have been
winnowed down to two or three that have experimental support: some form of electrical induction, specialized
receptor cells involving biogenic magnetite ...and that of weak-field magnetic effects on photochemically
generated radical pairs in the eye”. But they did not consider our proposed mechanism which was already
published®%>, as well as other previous publications focusing on the VGICs for the explanation of the effects
of magnetic fields on living cells/organisms’!~7>. Moreover, they and others did not consider the vast and
undeniable experimental evidence that environmentally existing anthropogenic polarized EMFs affect VGICs
and consequently alter the cell redox status and homeostasis initiating a plethora of biological/health effects (see
reviews in#44990.93),

The scientific literature contains already thousands of studies during the past 60 years presenting a panorama of
biological/health effects of various types of man-made EMFs on a wide variety of animals (including humans) and cell/
tissue types, and in addition, a plausible biophysical mechanism explaining all those recorded effects is published for
more than 20 years (having already been referenced in more than a thousand other publications altogether). Yet, the
research focusing on the explanation of animal magnetoreception did not seem to be affected by the above scientific
progress, and insisted on specific hypothetical mechanisms namely the magnetite and the radical pair hypotheses,
even though it was admitted that there was no progress with resolving the problem in this way>%10:11:36.38,

Here, we have presented a plausible biophysical mechanism for animal magnetoreception, orientation and
navigation, based on molecular data for the structure and function of VGICs in all animals, and combined with
accurate mathematical calculations predicting that the GMF is indeed able to affect cell homeostasis and thus be
sensed by migrating animals.
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