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Many animal species have been proven to use the geomagnetic field for their navigation, but the biophysical mecha-
nism of magnetoreception has remained enigmatic. In this paper, we present a special biophysical model that consists of
magnetite-based and radical-pair-based mechanisms for avian magnetoreception. The amplitude of the resultant magnetic
field around the magnetic particles corresponds to the geomagnetic field direction and affects the yield of singlet/triplet
state products in the radical-pair reactions. Therefore, in the proposed model, the singlet/triplet state product yields are
related to the geomagnetic field information for orientational detection. The resultant magnetic fields corresponding to two
materials with different magnetic properties are analyzed under different geomagnetic field directions. The results show
that ferromagnetic particles in organisms can provide more significant changes in singlet state products than superparam-
agnetic particles, and the period of variation for the singlet state products with an included angle in the geomagnetic field
is approximately 180° when the magnetic particles are ferromagnetic materials, consistent with the experimental results
obtained from the avian magnetic compass. Further, the calculated results of the singlet state products in a reception plane
show that the proposed model can explain the avian magnetoreception mechanism with an inclination compass.

Keywords: magnetoreception, orientation, geomagnetic field, magnetic particles, radical pair

PACS: 87.50.—a, 87.50.dc, 02.90.+p

1. Introduction

Various animals use the geomagnetic field for their nav-
igation. The use of the magnetic compass by migratory
birds was first described in European robins.[!! In the follow-
ing years, it has been further demonstrated in more than 50
species.[”! Recently, two most convincing biophysical mech-
anisms of magnetoreception in birds have been proposed:

351 and a radical pair-based

a magnetite-based mechanism!
mechanism.[®-8!

The magnetite-based mechanism is established on the dis-
coveries that magnetic particles are widely found in bacte-

9-121 These magnetic particles were

ria and higher organisms.!
suggested to be involved in magnetoreception, and verified
by various biophysical methods. Some magnetite-based mod-
els have been presented and theoretically evaluated to explain
magnetoreception.!!3-17]

The model proposed by Kirschvink!!* and Kirschvink et
all' was based on the presumption that the magnetic par-
ticles in organisms are single-domain (SD) magnetites. The
authors believed that the external magnetic field exerts a mag-
netic torque on the particle, which rotates the particle to open
or close the ion channel and produces nerve signals. The
model presented by Davila et al'>! was based on superparam-

agnetic (SP) nanoparticles. They assumed that the SP nanopar-
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ticles can be magnetized, and the local magnetic field in the
cell is amplified by orders of magnitude under the external
magnetic field. Thus, magnetic particles experience an attrac-
tive or repulsive force to induce their displacement, which can
induce a primary receptor potential via strain-sensitive mem-
brane channels to create nerve signals. Fleissner ef all'% and
Solov’yov and Greiner!!”) analyzed the magnetoreception pro-
cess in birds using two types of ferromagnetic magnetite parti-
cles based on the model given by Davila e al'>! All the mod-
els mentioned above indicate that nerve signals are transmitted
through the ophthalmic branch of the trigeminal nerve to the
brain, and magnetic fields are used as a compass or component
of a navigational “map” for the navigation of birds.'%1°]

However, these theories cannot explain the light depen-
dence of magnetic orientation confirmed by several behavioral
experiments.[>*-2?! Further, Zapka et al!*3] reported that Euro-
pean robins with a bilateral section in the ophthalmic branch
of the trigeminal nerve can still use their magnetic compass
for orientation, which is in conflict with the magnetite-based
mechanism because the mechanism requires trigeminal nerve
signal transmission.

On the other hand, the radical-pair-based mechanism is
established on the premise that weak magnetic fields can affect
spin-related free-radical recombination reactions.”*28] The

*Project supported by the State Key Program of the National Natural Science Foundation of China (Grant No. 51037006), the State Key Development Pro-
gram for Basic Research of China (Grant No. 2011CB503702), and the Young Scientists Fund of the National Natural Science Foundation of China (Grant

No. 51207155).
fCorresponding author. E-mail: songtao@mail.iee.ac.cn
© 2013 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

048701-1


http://dx.doi.org/10.1088/1674-1056/22/4/048701
mailto:songtao@mail.iee.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 22, No. 4 (2013) 048701

singlet/triplet radical-pair product can act as the receptor of
the external magnetic field, and migratory birds can use it to
sense changes in the geomagnetic field. The magnetosensitiv-
ity of the radical-pair reaction must be anisotropic to detect
the direction information of the geomagnetic field using the
radical-pair mechanism.

Theoretically, the molecules that provide the radical pairs
can possess the required properties to produce the anisotropic
effect.>*39 Thus, Ritz et al’!! proposed a special structure of
radical pairs called “reference-probe” design, where the inter-
nal magnetic field of the “reference” radical should be much
higher than the external field, but the “probe” radical has very
small or no internal magnetic field. Lau er al’?! suggested
that the molecules that play host to the magnetically sensitive
radical-pair intermediate must be immobilized and rotationally
ordered within receptor cells. Then, a partially rotational dis-
order can cause anisotropic responses to differently oriented
radical pairs within the same cell. Although an anisotropic
radical-pair magnetic field effect has been observed in sev-

[33-38] 1o direct ev-

eral solutions or liquid crystal experiments,
idence in the sense of a microcosmic mechanism has been ob-
tained until now. Moreover, the isotropic response to radical
pairs has been identified in cryptochrome recently,**! but the
reporter wonders whether the cryptochrome is sufficient for
the purpose as a chemical magnetoreceptor, because its mag-
netic sensitivity seems to be a general feature of this protein
family.

In addition, some research work reported on the radical
pairs subjected to magnetic fields produced by iron-containing

40-451 The present view in the field

particles and structures.!
also suggests that the combined mechanism might be more
sensitive. However, the previous studies about the combined
mechanism still need to improve.[*®! Binhil*!! speculated that
the rate of intracellular free-radical biochemical reaction will
be changed by stray fields produced in different orientations
by the intracellular magnet, which was thought of as an in-
direct torque-transduction pathway for magnetoreception by
Winklhofer and Kirschvink,[*”! who believed that the model
can explain the conflicting results reported by Zapka et al1*]
To achieve maximum angular sensitivity, the Binhi compass
model requires that the intracellular magnet should rotate,
and the magnet should be coupled to a soft elastic matrix.
Cohen!*¥! and Yang and Cohenl*#! demonstrated how magnetic
nanostructures can catalyze intersystem crossings in molecu-
lar radical pairs. The radical pair was assumed to be randomly
distributed and randomly oriented on the surface of the mag-
netic nanostructure. Cohen et al. modeled the nanostructure
as a uniformly magnetized sphere to calculate the magnetic
field gradient at the surface of the sphere. The effect of the ge-
omagnetic field on the magnetic field gradient near the mag-

L[45

netic nanostructures was not considered. Cai er al!*! illus-

trated the relationship between the quantum entanglement and
the sensitivity of the chemical compass for magnetoreception.
They especially demonstrated how to optimize the design of
a chemical compass using a much better directional sensitiv-
ity by simply employing a gradient field created in the vicinity
of a hard ferromagnetic nanostructure. They assigned directly
the value of the gradient field to analyze the magnetic field
sensitivity of the chemical compass without considering the
real structure of the nanoparticles in birds.

In this paper, the equivalent model of magnetic particles
is established based on the real nanoparticle structure in birds.
A special combination of magnetite-based and radical-pair-
based mechanisms is analyzed to evaluate the justifiability of
the model. In contrast to existing models, the present model
adopts the amplitude of the resultant magnetic field around the
magnetic particles (but not the magnetic field gradient) to rep-
resent the geomagnetic field direction. Based on the amplitude
variation of the resultant magnetic field, the singlet state prod-
uct yield of the reactions is calculated using the radical-pair
mechanism. Thus, product yield is related to the geomagnetic
field information.

2. Combined mechanism

The equivalent model of the magnetic particles in birds
is based on the physical-chemical measurement results. The
magnetic field induced by the magnetic particles and the geo-
magnetic field produce a magnetic resultant field, whose am-
plitude depends on the spatial location and the direction of the
geomagnetic field. Hence, the directional change in the ge-
omagnetic field can be represented by the resultant magnetic
field amplitude.

According to the radical-pair mechanism, the radical pair
Dt +A~ is created by an electron transferred from donor
molecule D to acceptor molecule A. The spin directions of
radical pair D + A~ have an anti-parallel alignment, and the
spin state is called singlet state; when the alignment is parallel,
it is called a “triplet state”. The radical pair originates from a
singlet state; its singlet and triplet states are interconverted by
hyperfine interaction, and the process is affected by the applied
magnetic field. Therefore, the product yield of a singlet/triplet
state varies with the change in the resultant magnetic field aris-
ing from the change in the geomagnetic field direction. The
radical-pair product yield is thus related to the geomagnetic
field information. Consequently, variation in the product yield
will change the number of neurotransmitters, thus resulting in
an increase or a decrease of the signal in the nerve cell that
receives the neurotransmitters for navigation. However, the
mechanism for transduction of the change from singlet-triplet
state to cell membrane depolarization is still unclear. Some re-
search suggested that the cryptochrome may act as a potential
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primary magnetoreceptor to receive the information about the
change in the radical-pair product yields.”!

The proposed mechanism can well explain the questions
that are difficult to answer by the magnetite-based or radical-
pair-based mechanism only. Dealing with the role of the mag-
netic particles in changing the direction information of the ge-
omagnetic field into amplitude of the resultant magnetic field
is the core of the proposed model. Previous relevant research
has not considered this option. Furthermore, because the
equivalent model of magnetic particles was established based
on real bird nanoparticle structures, if more convictive exper-
imental evidence for anisotropic interaction of radical pairs is
obtained from future works, this mechanism can also be used
to analyze the effect of magnetic particles, which exist univer-

[48]

sally in migrant birds,"**! on the radical-pair product yield.

3. Calculation model

According to the u-SXRF (synchrotron-based X-ray
fluorescence) experiment on paraffin section series taken
from the upper beak skin of the homing pigeon, the iron-
containing structure has three subcellular components: chains
of maghemite crystals, magnetite clusters, and the iron-coated
vesicle,l'%] as shown in the upper left corner of Fig. 1(a). To
analyze the resultant magnetic field produced by the interac-
tion between the magnetic particles and the geomagnetic field,
the iron-containing structure in the upper beak that contains
magnetic particles is simulated as a cylinder. The cylinder
length is designated as / = 300 um, and the diameter is desig-
nated as D = 10 pm, by evaluating the sizes of the magnetic
particles and the dendrites of the homing pigeon’s beak!'! as
shown in Fig. 1(a). It should be pointed out that this experi-
mental result has been disputed recently. The new ultrastruc-
ture studies show that the magnetic particles are in the form of
macrophages, not magnetosensitive neurons.[*”) However, all
research in the field has identified that the magnetic particles
actually exist in the pigeon’s beak. Therefore, the principle
remains unchanged. Considering the lack of the biophysical
experimental data about the size of the iron-containing struc-
ture in birds, it is meaningful to establish the equivalent model
of the magnetic particles based on this structure.

The x axis is defined as the central axis of the cylinder,
the y axis is perpendicular to the central axis of the cylinder,
and the z axis is perpendicular to the xy plane and parallel to
the left and right surfaces of the cylinder. This rough assump-
tion is not suitable for quantitative calculation because of in-
sufficient biophysical experimental data, but it is sufficient for
qualitative analysis of the effects of the resultant magnetic field
on the radical pair product yield. To investigate the resultant
magnetic field distribution, curve /; in the xy plane and curve
I in the xz plane, shown in Fig. 1(a), are chosen to calculate

the amplitude of the resultant magnetic field at different po-
sitions when the applied magnetic field changes. a;—b; and
ar—by and di—e| and d—e; are line segments parallel to the
x axis; the distance from o’ (centerpoint of the left surface of
the cylinder) to the line is 0.4 mm. b1—d; and b,—d, are arcs
each with a radius of 0.4 mm and an angle of 180°, whose
centerpoint is o’.
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Fig. 1. Magnetic field calculation. (a) Three-dimensional model for
magnetic particles. The cylinder is used to simulate the magnetic parti-
cles in birds. The center of the cylinder is the origin of the coordinate
system for calculation. (b) Experimental B—H curve of the SP nanopar-
ticles measured by VSM.

For the convenience of calculation, the bird body is as-
sumed to be parallel to the x axis of the reference coordi-
nate system. Therefore, when the bird changes its angle of
flight attitude, the direction of the geomagnetic field (not the
bird body) would rotate in the reference frame. Magnetic
field Bey;, whose included angle 8 with respect to the x axis
changes from —180° to 180°, is applied as a boundary con-
dition to simulate the geomagnetic field. Assuming that mag-
netic field Bey; is in the xz plane, then the x component of the
external magnetic field will be Bex;_ = Bgcos 8, the y compo-
nent Bey, = 0, and the z component Bey . = By sin 8, where
By = |Bext| = 50 uT. With regard to the magnetic material
properties, two kinds of magnetic materials are proposed to be
involved in the magnetoreception process, i.e., SP nanoparti-

cles and ferromagnetic materials.

048701-3



Chin. Phys. B Vol. 22, No. 4 (2013) 048701

(i) SP nanoparticles: This proposal is based on the find-
ings of the SP nanoparticles in birds using transmission elec-
tron microscope (TEM) imaging in bright and dark-field mode
and using small-area electron diffraction (SAED).*l The SP
particles, whose coercivity is close to zero, were considered as
an amplifier of the geomagnetic field in the magnetoreception
process. Considering the lack of measurement results of the
specific properties of magnetic particles in birds, the experi-
mental results of the SP nanoparticle (diameter: 10 nm, pro-
duced by Ferrotec Corporation, Japan) are used to determine
the magnetic properties. The B—H curve shown in Fig. 1(b) is
measured using a vibrating sample magnetometer (VSM). The
coercivity of the SP material for the magnetic field calculation
obtained from the B—H curve is zero, and the relative perme-
ability is 16. The measurement sample of the SP nanoparticle
is a magnetic fluid and not pure SP nanoparticles. To obtain the
magnetic properties of the SP materials, the curve is amplified
using the saturation magnetization of Fe3O4 (M =480 kA/m).

(i1) Ferromagnetic materials: This proposal is based on
the findings of two different types of iron compounds in the
upper beak skin of adult homing pigeons using different light
and electron microscopic methods combined with X-ray anal-
ysis. These two iron compounds are identified to be two fer-
romagnetic materials: magnetite and maghemite,['®! which
closely resemble the real iron-containing structure in birds.
Technically, these two types of materials are ferromagnetic,
but have different structural properties from ferromagnetic
ores. However, the specific magnetic properties of the two
types of materials have not been identified by measurements
yet. In comparison with the SP materials, the coercivity of the
ferromagnetic materials for magnetic field calculation is set to
be 17 kA/m, and the relative permeability is assumed to be 16.
In addition, the residual magnetization direction of the mag-
netic cylinder is considered to be along the x axis (i.e., central
axis of the cylinder). These parameters are almost the same as
those used in the magnetic particle simulation model given by
Solov’yov and Greiner.!”!

The resultant magnetic fields corresponding to these two
kinds of magnetic materials are calculated and used to ana-
lyze the product yield of the radical pair. As this analysis is
performed through a large-scale qualitative simulation, the as-
sumption for the two magnetic materials does not consider the
special characteristics of the magnetic particles on a nanome-
ter scale. The isotropic radical-pair magnetic field effect is
used to calculate the singlet state product yield of the reac-
tions under different magnetic field strengths using the method

given by Timmel and Henbest.’°! This method is considered

in the case of a radical pair with a single spin-1/2 nucleus (e.g.,
a proton), in which radical-pair diffusion is ignored and sin-
glet/triplet pairs are allowed to disappear according to the first-
order kinetics with rate constants ks = k1 = k.°!! The formula
for calculating the singlet state product yield ®g is shown in
Eq. (1), where w is the Larmor frequency (@ = yB) and a is

the isotropic hyperfine coupling constant, and is given as

3 1 0> 1 &
Bty oty e /@
1 0] 1 1 1
1 0] 1 1 1
(1Y gt cw— -0
T3 ( .Q) f(z 272 )
1 0] 1 1 1
(1 Z) o g = —0
T3 <+.Q) f(za 2975 )
1 0] 1 1 1
In addition, f(x) is the Lorentzian function, where
k2
f(x):ma )
Q= (a2+a)2)1/2. 3)

4. Calculation results
4.1. Magnetic field distribution

The relationships between the amplitude of the resultant
magnetic field |B|, the included angle 6 between the applied
magnetic field and the central axis of the magnetic cylinder,
and length L; in curves /; and /5, calculated in the cylindri-
cal magnet of SP and the ferromagnet are shown in the three-
dimensional (3D) diagram in Fig. 2. L; is defined as the length
from point g; in curve /; (i = 1,2). When 0 is 0°, the |B| distri-
bution corresponding to distance L; in curve /; is the same as
that of L, in curve [, because of axial symmetry as shown in
Figs. 3(a) and 3(b). The relationship between |B| and d; (dis-
tance from o’ to the calculation point at the x axis) is shown in
Fig. 3(c).

To investigate the effect of the change in magnetic field
amplitude (A|B| = |B|max — |B|min» Where |B|max is the maxi-
mum value of |B| and |B| i, is the minimum value of |B|) on
the product yield of a radical pair, the values of |B| at cen-
terpoint ¢ in curves /1 and /; (i.e., L; = 800 um) in the SP and
ferromagnetic materials are calculated. This process also com-
pares the difference between the two materials. The relation-
ships between |B| and 0 in the SP and ferromagnetic materials
with d;, = 0.4 mm are shown in Figs. 4(a) and 4(b), respec-
tively (A|B|sp ~ 0.03 uT and A|B|Ferromagnet ~ 24 uT).
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|B|/uT

Fig. 4. Relationships between |B| and 6 at d, = 0.4 mm for SP material
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Fig. 2. Resultant magnetic field |B| distribution when 6 varies from —180° to 180°, showing relationships between |B|, 6, and the
position of the observed point in curve /; in the SP material (a) and the ferromagnetic material (b), and those in curve /, in the SP
material (c) and the ferromagnetic material (d).
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4.2. Singlet state product yield corresponding to the mag-
netic field

The singlet state product yield &g is calculated accord-
ing to the method mentioned in Section 3. The relationship
between the singlet state product yield ®g and |B| is shown
in Fig. 5(a). To facilitate discussion, the horizontal axis con-
sidered in the figure is |B| but not |B|/a, although the latter is
more commonly used in other papers. In addition, based on
the experimental results in a protein environment using flash
photolysis,’?! the decay rate k is set to be 1 pus~!. According
to the calculation formula, the different values of hyperfine
coupling constant a affect the &g range corresponding to the
change in the magnetic field direction angle 6 from —180°
to 180° located in different parts of the curve as shown in
Figs. 5(b) and 5(c). If a is much higher than the Larmor fre-
quency of |B|, the &g range corresponding to the magnetic

field direction angle 8 monotonically decreases as shown by
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the dashed line (a = 3.0 us’]) in Fig. 5(a). The relationships
between @s and 0 in the SP and the ferromagnetic materials
are shown by the dashed lines in Figs. 5(b) and 5(c), respec-
tively. If a is much lower than the Larmor frequency of |B|, the
&g range corresponding to the magnetic field direction angle
6 monotonically increases as shown by the dot—dashed line
(a=1.6 us_l) in Fig. 5(a). The relationships between ®g
and O in the SP and ferromagnetic materials are shown by
the dot—dashed lines in Figs. 5(b) and 5(c), respectively. If
the value of a is appropriate, the @s range can also include
the turning point as shown by the solid line (@ = 2.1 us~!) in
Fig. 5(a). Under this condition, the relationships between ®g
and 0 in the SP and ferromagnetic materials are shown by the
solid lines in Figs. 5(b) and 5(c), respectively.
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Fig. 5. Variations in the singlet state product yield &g of the radical
pairs, showing (a) relationship between ®s and B/a, (b) relationship
between ®g and 6 in the SP material, and (c) relationship between &g
and 0 in the ferromagnetic material.

4.3. Modulation patterns corresponding to the geomag-
netic information

The results presented above only indicate the variation of
&g corresponding to the magnetic field direction at a specific
point. Generally, the sensory receptors of organisms are as-
sumed to have ordered structures; thus, a reception plane is
chosen to investigate the singlet state product yield distribution
of the ferromagnetic material in this section. Assuming that
the residual magnetization direction of the magnetic cylinder
is along the bird body axis, the sensory receptors are arranged
in reception plane § (area: 0.5 mmx0.5 mm) parallel to the
yz plane. The distance of reception plane S along the positive
direction of the x axis from o is 0.4 mm, as shown by the gray
quadrangle in Fig. 1(a). According to the proposed model,
when the applied magnetic field rotates in the direction paral-
lel to the xy and xz planes (the included angle 6 with respect
to the x axis changes from 0° to 180°), the ®g distribution
corresponding to |B| is calculated as shown in Fig. 6.

67.05

0° 30° 60° 90° 120° 150° 180°

Fig. 6. Modulation patterns of @g through the magnetic field parallel to
the xy and xz planes in different directions at angles 0°, 30°, 60°, 90°,
120°, 150°, and 180°.

67.10 67.15 67.20 67.25 67.30 [%]

5. Discussion

By using the combined mechanisms in this paper, we in-
vestigated the amplitude of the resultant magnetic field around
the magnetic particles instead of the magnetic field gradient,
which is different from the research by Cohen and Cai. This
process means that the changes in the singlet state product
yields correspond directly to the magnetic field at the same
spatial position, and the difference in local magnetic field be-
tween the two radicals of each radical pair is ignored. This
result can be attributed to the difference in local magnetic
field between the two radicals, which is much smaller than
the change in the resultant magnetic field amplitude A|B| dur-
ing the geomagnetic field rotation in the proposed mechanism.
For example, when the distance from the magnetic particles
dy = 0.4 mm, A|B|sp ~ 0.03 uT, and A|B|terromagnet = 24 uT.
If the distance between two radicals is 3.5 nm (the same as
the value used in Cai’s calculation[45]), the difference in the
local magnetic field between the two radicals is approximately
5.29x107> uT. Even the distance from the magnetic parti-
cles is reduced to d, = 10 um, the variation is still very small
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(6.02x1072 uT). In Cai’s calculation, it was approximately
4 mT, considerably larger than our calculation result, which is
possibly because Cai assumed that the acceptor of the radical
pairs was 35 nm away from the magnetic particles. There-
fore, the proposed model appears more reasonable in the case
where the distance between the radical pairs and the magnetic
particles is relatively far.

Based on the calculation results of magnetic field distri-
bution, |B| is found to change cyclically with included angle
0, and the period of variation was 180° in the SP material and
360° in the ferromagnetic material. When 0 is 0°, the values
of |B| at centerpoint ¢ in the two kinds of materials both reach
the maximum values. The |B|sp varies in a manner similar to
the function f(0) = |sin(6 —90°)|| 4 offset. The |B|terromagnet
variation at centerpoint c is in the form similar to a cosine wave
with an offset because ferromagnetic material has inherent re-
manence, whereas SP material does not have such property.

In the calculation, A|B|sp is very small because |B| decays
exponentially with d increasing; if d, is smaller, then A|B|sp
would become higher. For example, if dy = 0.1 mm, then
A|Blsp ~ 0.3 uT (A|Blferromagnet = 250 uT). If dy = 10 um,
then A[B|sp ~ 20 UT (A|B|ferromagnet ~ 8800 uT). In all cases,
the variation trends of |B| in the SP material with different val-
ues of d, are almost similar. Therefore, the calculation result
with dy = 0.4 mm can still be used for qualitative analysis.

At the same spatial position as point ¢ in Fig. 1(a),
| Blferromagnet 15 much larger than |B|sp. The change in the
singlet state product yields A®Ps = Pgpax — Psmin of the fer-
romagnetic material, which is also much larger than ®s of
the SP material. When d, = 0.4 mm (A|B|sp = 0.03 uT and

I and

A|Blferromagnet = 24 uT), the decay rate is k = 1 ps~
the values of hyperfine coupling constant a are 1.6, 2.1, and
3.0 us~!. The calculated A®s of the SP material are approxi-
mately 1.8x1073,3.6x 1077, and 2.4x 1073, and the values of
Adg of the ferromagnetic material are approximately 1.36%,
0.24%, and 1.91%, respectively. The changes in product yields
&g calculated at present are relatively small. If d, decreases
slightly (but not below micrometer level), then A®Pg would be-
come more significant. For example, when d, = 0.1 mm, Adg
of the SP material corresponding to the same values of hyper-

I would be

fine coupling constant a of 1.6, 2.1, and 3.0 us™
approximately 1.8x107#, 1.2x107°, and 2.4x 1074, respec-
tively (A|B|sp =~ 0.3 uT). The values of Adg of the ferromag-
netic materials are approximately 6.56%, 3.03%, and 2.59%,
respectively (A|Blferromagnet = 250 uT), which means that the
reception radical pairs are not too far from the magnetic parti-
cles, especially not probably located so far as the retina of the
birds, according to the proposed mechanism.

We can reasonably assume that nature has optimized
the properties through evolution to provide maximum re-
sults; therefore, these calculation results can explain why bio-

physical experiments showed that the magnetic particles in
organisms are more similar to ferromagnetic (and not SP)
materials.['®! The former can provide more significant changes
in product yield &g, which makes magnetoreception more fea-
sible.

Moreover, when the range of singlet state product yield
&g includes a turning point in the ferromagnetic material or
the ®g range monotonically decreases or increases in the SP
material, the values of &g corresponding to the magnetic field
direction angle 6 = 0° and 6 = 180° both attain the max-
ima (the values are almost equal), indicating that the mag-
netic compass is an inclination compass. This conclusion is in
agreement with the experimental results obtained from a vari-
ety of research activities on migratory birds,>3! where the for-
mula for calculating the singlet state product yield ®s is based
on one-proton radical pair. In fact, when the radical pairs are
more complex, the calculation formula will also become more
complex. However, the curve of ®g corresponding to |B| also
has an extreme value; therefore, the proposed model is still
suitable.

In addition, because the experimental results show that
the properties of the magnetite crystals in birds are more simi-
lar to ferromagnetic materials, SD (single-domain) magnetic
materials were not considered in the model calculation. In
fact, SD magnetic material will only make the magnetic field
around the magnetic particles higher and, hence, inducing
more significant changes in the product yield, but the varia-
tion trend of ®Ps calculated with SD material is still similar to
that obtained with the ferromagnetic material.

Based on the response pattern of the singlet state product
yield &g, the geomagnetic information is found to be repre-
sented by the distribution of ®Pg in the reception plane. The
position of high @s is located at the central position of the re-
ception plane because the body axis is parallel to the geomag-
netic field. If the included angle between the body axis and
the geomagnetic field is changed in the horizontal or vertical
plane, the position of the high ®s will move correspondingly
along the horizontal or vertical direction. The pattern for a
bird flying in the direction anti-parallel to the magnetic field
direction (180°) is similar to the pattern for parallel orienta-
tion (0°), which also demonstrates that the magnetic compass
of the bird is intrinsically an inclination compass. Birds can
use modulation patterns to adjust the flight direction.

The previous discussions ignored the rotation of the bird
itself around the body axis during the flight, which often hap-
pens in the bird altitude adjustment process. However, the bird
can receive the rotation information from multiple magnetic
particle arrangements or from other means (such as the grav-
ity information response) to assist in navigation. Furthermore,
the modulation patterns are very similar to the results obtained
by radical-pair-based mechanism only,/”®! but the biophysical
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mechanisms are completely different.

6. Conclusion

In this paper we proposed a biophysical mechanism for
magnetoreception in birds, which combines the magnetite-
and radical-pair-based mechanisms to provide a more reason-
able explanation of avian magnetoreception. The amplitude
of the resultant magnetic field produced by the interaction be-
tween the magnetic particles and the geomagnetic field was
analyzed using two materials with different magnetic proper-
ties. The relationship between the direction of the geomag-
netic field and the radical-pair product yield was investigated.
The calculation results show that the period of variation for
singlet state product is approximately 180° when the magnetic
particles are ferromagnetic materials, which could explain the
experimental results of avian magnetic compass research. The
singlet state products through the magnetic field in a reception
plane are investigated. Their modulation patterns can provide
geomagnetic information in birds. The model calculation re-
sults show that the proposed model, which deals with the mag-
netic particle role in changing the direction information of the
geomagnetic field into the amplitude of the resultant magnetic
field, can explain how birds use the geomagnetic field for nav-
igation better than using either a magnetite- or radical-pair-
based mechanism only.
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