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Abstract

The magnetic compass sense of animals is currently thought to be based on light-
dependent processes like the proposed radical pair mechanism. In accordance, many
animals show orientation responses that depend on light. However, the orientation
responses depend on the wavelength and irradiance of monochromatic light in rather
complex ways that cannot be explained directly by the radical pair mechanism. Here, a
radically different model is presented that can explain a vast majority of the complex
observed light-dependent responses. The model put forward an integration process
consisting of simple lateral inhibition between a normal functioning, light-independent
magnetic compass (e.g. magnetite based) and a vision based skylight color gradient
compass that misperceives compass cues in monochromatic light. Integration of the
misperceived color compass cue and the normal magnetic compass not only explains most
of the categorically different light-dependent orientation responses and their sequential
occurrence, but also shows a surprisingly good fit to how well the animals are oriented (r-
values) under light of different wavelength and irradiance. The model parsimoniously
suggests the existence of a single magnetic compass in birds (probably based on magnetite)
and explains the light-dependency as simple interference with another, vision based

compass.

Keywords: magnetoreception; monochromatic light; light-dependent orientation responses;
radical pair mechanism; magnetite.
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Introduction

Many animals use a number of different compass cues to orient during migration. It
has long been known that several animals can sense the Earth magnetic field and use it for
orientation (Wiltschko and Wiltschko, 1995a). However, after more than 30 years of
research it is still largely a puzzle exactly how the magnetic sense works and where the
sense organ is located. Two major competing hypotheses exist today on a sensory
transduction mechanism: one is based on small iron based magnetic crystals (IBMC) like
magnetite and the other a chemical compass based on magnetic properties of radical pairs
excited by light called the radical pair mechanism (see reviews in e.g. Johnsen and
Lohmann, 2005; Johnsen and Lohmann, 2008; Wiltschko and Wiltschko, 2005).

The transduction mechanism based on IBMC is generally hypothesized to consist of
the interaction of the Earth magnetic field with the magnetic crystals which then induce
stress and strain on associated membranes with mechanosensitive ion channels (see e.g.
Johnsen and Lohmann, 2005; Johnsen and Lohmann, 2008; Solov'yov and Greiner, 2008;
Walker, 2008). In vertebrates, there is good support of the existence of such an IBMC
compass system in the nasal region of rainbow trout (Oncorhynchus mykiss) (Diebel et al.,
2000; Walker et al., 1997) and in the skin of the upper beak and nasal region of a number of
birds (Beason and Nichols, 1984; Fleissner et al., 2007; Fleissner et al., 2003; Hanzlik et
al., 2000; Williams and Wild, 2001; Winklhofer et al., 2001). Several theoretical
considerations support that IBMC can function as a magneto reception system with no
major problems (Davila et al., 2003; Davila et al., 2005; Edmonds, 1992; Fleissner et al.,

3
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2007; Kirschvink and Gould, 1981; Kirschvink and Walker, 1985; Shcherbakov and
Winklhofer, 1999; Solov'yov and Greiner, 2007; Solov'yov and Greiner, 2008; Walker,
2008; Winklhofer et al., 2001; Yorke, 1979; Yorke, 1981; Yorke et al., 1985).

The radical pair mechanism is hypothesized to consist of light induced radical pairs
that due to their spin configuration obtain magnetic moments. The recombination of the
radical pairs may then be affected by the orientation of the molecules relative to the Earth
magnetic field (Ritz et al., 2000; Schulten, 1982; Schulten et al., 1986). Currently, the
major candidate molecules are the cryptochromes which are known to serve functions
mainly in circadian rhythms (Ritz et al., 2000; Sancar, 1999; Sancar, 2003). Many
conditions must be met if such a reaction is going to be sensitive to the weak Earth
magnetic field, but it may not be impossible and theoretical considerations support the
principles of the radical pair mechanism as a basis for magnetoreception (Adair, 1999;
Cintolesi et al., 2003; Efimova and Hore, 2008; Maeda et al., 2008; Rodgers and Hore,
2009; Solov'yov and Schulten, 2009; Solov'yov et al., 2007; Wang et al., 2006; Weaver et
al., 2000).

The intriguing fact that the orientation response of many animals is indeed
dependent on light has so far been taken as major support of the radical pair mechanism
(for reviews see e.g. Johnsen and Lohmann, 2008; Wiltschko and Wiltschko, 2006;
Wiltschko and Wiltschko, 2002). However, the observed light-dependency of orientation
responses is rather complex and the experiments have left us with quite a puzzle to explain:
depending on the wavelength and irradiance of monochromatic light the animals may orient
in the normal expected direction, shift their orientation by 90°relative to that direction,

orient towards some unexplainable fixed direction, or be completely disoriented in spite of
4
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being perfectly able to see (Johnsen et al., 2007; Wiltschko and Wiltschko, 2006). Such
complex responses do not follow directly from the radical pair mechanism. Furthermore,
there are cases of both normal and shifted orientation responses at longer wavelengths
(Muheim et al., 2002b; Wiltschko et al., 2004b) where cryptochromes have limited to no
absorption (Johnsen et al., 2007) and there are cases of disorientation at wavelengths well
within the cryptochrome’s absorption spectrum (Wiltschko et al., 2007a; Wiltschko et al.,
2003). Therefore, there might be an alternative explanation to the light-dependency.

In addition to a magnetic compass many animals use celestial compass cues like the
stars, the position of the sun, skylight polarization patterns and color gradients (Wiltschko
and Wiltschko, 1999a). Obviously, a celestial compass involves vision and light. If such a
sensory system is based on a system of photoreceptors that have different spectral
sensitivities it may result in unexpected outputs in the highly unnatural stimulus of
monochromatic light stimulates only subsets of the photoreceptors.

Multiple compass cues show clear evidence of being integrated into a single general
system and specific compass mechanisms are thought not to be entirely independent from
others (Wiltschko et al., 1994). Here, a model is proposed that provides a very different
alternative explanation of the light-dependent orientation responses in animals. The model
is cue integration based on simple lateral inhibition between “compass neurons” in
compasses of different sensory modes: a color gradient compass and a magnetic compass.
The integration is proposed to normally serve to increase the reliability and precision of an
overall compass (Wiltschko et al., 1994). With propositions on how a color gradient
sensory system may work, the model can explain a great deal of the observed complex

pattern of light dependent orientation responses. In addition, the model predicts,
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surprisingly well, the concentration of the orientation responses (r-values) as a function of
light wavelength or irradiance. Contrary to the current view of a dual magneto sensory
system (IBMC and radical pair) the model parsimoniously suggests that animals have only
a single magnetic field sensory system (most likely is based on IBMC) and gives the
simplest explanation yet of the complex patterns of light-dependent orientation responses in

animals.

Methods

First, simplified models of a magnetic and a color gradient compass will be
proposed. Then an integration process between two such compasses will be put forward.
Propositions will then be made on how such a color gradient compass might lead to
misperceptions in monochromatic light of different wavelengths and irradiances. Finally, it
will be demonstrated how the integration model behaves in monochromatic light when such
an abnormal output of the color gradient compass is integrated with the normal output from

an intact magnetic compass.

A magnetic compass

An orientation cue is some geophysical or celestial parameter that can be used for
discriminating geographical directions. Let’s begin by assuming a strongly simplified
hypothetical magnetic compass sensory system consisting of a circular array of compass
cells with the axis of each cell body pointing in a different geographical direction (Fig. 1A)
(as proposed by Deutschlander et al., 1999; Phillips and Borland, 1992a). A specific
transduction mechanism is not essential to the model and several suggestions can be found

elsewhere (see introduction for references). So let us just assume without any detail of a
6
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transduction mechanism that the compass cells with their cell axis aligned parallel to the
magnetic field lines along the magnetic North-South axis are maximally excited, resulting
in maximal neural spike frequencies. Oppositely, the cells having their axes aligned along
the East-West axis, perpendicular to the magnetic field, are minimally excited and fire with
some spontaneous spike frequency. Thus there will be a non-uniform circular distribution
of spike frequencies among the cells along all 360° that has its maximum along the
magnetic North-South axis and minimum along the East-West axis. A simple non-uniform
circular distribution is the elliptic form. Let us therefore assume that the spike frequencies,
SF, as a function of geographical direction, w, follow a simple elliptic form and can be
represented mathematically by a standard ellipse equation as:

SF() gy ¥ i e (Equation 1)

) ﬂ.-mﬂj Yogee ',w..'"s‘mﬂ_ﬁ L glat Lt

where the constants 4,,., and By, represents the average spike frequency along the
maximal excited and the minimal excited axis respectively corresponding to the major and
minor axis of an ellipse. In the following the major and minor axes 4 and B will be referred
to as the major and minor compass axis, respectively. SF(w)nqe can then be represented as
radial values in a polar plot as shown innermost in Fig. 1A with the radius in any given
direction corresponding to the average spike frequency of the cells with their axis pointed

in that direction. Larger radial values correspond to higher spike frequencies. The spike
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frequency in any given direction will be referred to as the radial spike frequency. The

circular distribution of spike frequencies will be referred to as the directional firing pattern.

A color gradient compass

The position of the sun is an important cue used by many animals for orientation
(see e.g. Wiltschko and Wiltschko, 1993). Scattering of the sunlight in the atmosphere
results in polarization patterns, intensity, and color gradients that are all dependent on the
position of the sun and can be used to reveal its position when it is not directly visible. The
color gradients consist of an increased amount of long wavelength light relative to short
wavelength/UV light in the direction of the sun and, oppositely, an increased amount of
short wavelength/UV light relative to longer wavelengths in the anti-solar direction,
whereas there is a more balanced distribution at an angle of 90° relative to the direction of
the sun (Fig. 1B) (Coemans et al., 1994). Although it is known that key navigators like bees
and ants are able to use color gradients for rather precise orientation (Rossel and Wehner,
1984; Wehner, 1997), there has been surprisingly little focus on animal orientation by color
gradients . Given the simplicity and apparent efficiency of color cues, it is thus not unlikely
that color gradients are used by a wide number of animals for orientation including the
passerine birds. A model color gradient compass may be based on a simple contrast
between UV and long wavelength light:

SF(a), o, ¥ |$Fy (w) = $Fyp-(0)| % —=Smfai  (Equation 2)

) Aol 008 (w8 By Fimin® (w)
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EF (w4, in any given direction, is the absolute difference between the spike frequency

elicited by a UV photoreceptor mechanism, SFyy(®), and that of a long wavelength
sensitive photoreceptor mechanism SFy(w). SF(®).,; would then be maximal (4.,;) along
the solar-anti solar axis (solar meridian) where the spectral contrast is maximal and
minimal along the axis 90° relative to the solar meridian where the contrast is minimal
(Bcor). Therefore, as for the magnetic compass, we will assume that there exists a circular
array of color gradient compass cells which will show a simple elliptic form of the
directional firing pattern (see Fig. 1B).

It has been suggested that light in the blue or mid wavelength range may serve as
some sort of reference color in a color gradient compass (Kinoshita et al., 2007). In that

case Eq. 2, which will be returned to later, becomes:

(Equation 3)

where SF sy 1s the spike frequencies elicited by a photoreceptor mechanism in the short
and/or mid wavelength range. A high input from the SW — MW range relative to both the

UV and the LW range would then tend to inhibit the color compass spike frequency.

Model compass integration

Animals have a multitude of compasses based on the different celestial and
geophysical cues and it is thought that these multiple compasses are closely integrated into
an overall compass (Able, 1991; Wiltschko et al., 1994). Lateral inhibition, where
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neighboring neurons have a mutual inhibitory effect, is common in many sensory systems
like for instance in vision contrast enhancement (Golden, 1996). Lateral inhibition is likely
to occur in compass sensory systems too and could for instance function as a contrasting
effect between cues ensuring that the most prominent compass cue in any given direction
dominates. The current model will therefore assume that compass cues are integrated
through lateral inhibition and the resultant integrated compass is assumed to be simply the
absolute value of the difference in spike frequency of the two above compasses as a

function of direction as shown in the following equation:

SF()ine = |F(0) o1 — SF(60) mogl (Equation 4)

Let us assume that the color gradient compass has an arbitrary major compass axis
of 100 spikes/s along the geographical North-South axis, 4.,; = 100, and let us say that the
minor compass axis, the spontaneous spike frequency, is approximately one third of this, 35
spikes/s, along the East-West axis (B.,; = 35). Let us assume the hypothetical magnetic
compass has the same spontaneous spike frequency of 35 spikes/s along the East-West axis
(Bmag = 35) but because celestial cues appear to be dominant and preferred over magnetic
cues (Mouritsen, 1998; Muheim, 2006; Wiltschko et al., 1994) the precision of the
magnetic compass is assumed lower and the maximal spike frequency along the North-
South axis will be assigned to be, for instance, 70% of the celestial compass (4nag = 70).
Fig. 2A then shows the result of the integration (solid line; Eq. 4) of the color gradient

compass (dashed line) and the magnetic compass (dotted line). As can be seen, the result of
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the integration is a compass with a higher contrast between the North-South and East-West
axes. Equally important, the compass that is maximally excited will dominate in a situation
where there, for instance, is a moderate mismatch between the two compasses (Fig. 2B).
For simplicity, the model does not consider time compensation for celestial rotation
in the color gradient compass or declination between the color gradient compass and
magnetic compass (i.e. declination = 0). The major compass axes of the two compasses will
thus always be aligned and both compass cues point out the same North-South axis. The
animal’s normal orientation is assumed to be towards that common compass North. North
may be separated from South based on inclination in the magnetic compass (Wiltschko,
1972), and for the color gradient compass, the solar direction may be separated from the
anti-solar direction by its maximal content of long wavelength light under natural
conditions. Finally, we will assume that the animals do not assess the cues from each
compass separately in a normal orientation context and that they will uncritically orient
along the axis of maximal excitation of the integrated compass only (this may be different

in a calibration context).

Behavior of color gradient compass in monochromatic light

It follows from Eq. 2 that if the incoming light is monochromatic and excites
predominately the UV or the LW mechanism, the radial spike frequency of the color
gradient compass, SF(w).., Will be high but since the light comes from all directions, the
directional firing pattern will be uniform and form a circle rather than an ellipse (i.e. Az =
B.ori; Fig. 1C). The higher the irradiance of monochromatic light exciting predominately one

color detector, the larger the |$Fy — $Fy;.- | difference in all directions and thus the higher

L RLy
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239  the radial spike frequency SF(w)., (i.e. larger radius of the circular directional firing
240  pattern). Similarly, the more the wavelength of the monochromatic light skews towards and

241  predominately excites one color detector over the other, the larger the |$Fy; — $F;. |

242 difference and thus the higher the radial spike frequency SF(®).y. In the following

243 treatment, the term SF(w)..; will be referred to as $F (e .; as a reminder that the

244  directional firing pattern is uniform and forms a circle and that its radial spike frequency

245  (*“radius”) depends on the irradiance and wavelength of the monochromatic light.

246  Behavior of integration in monochromatic light

247 What happens if we do the integration with the uniform directional firing pattern
248  suggested above? Fig. 3A shows an initial case of compass integration where the

249  monochromatic light is assumed to excite predominately one color detector but where the
250 irradiance is low and results in a low radial spike frequency of the color gradient compass.
251  Here there is little effect of the color gradient compass on the integrated compass and the
252  animals will be expected to orient normally towards the North. As the irradiance of the
253  monochromatic light increases the radial spike frequencies of the color gradient compass,

254  BF(w),.;, will increase. At one point the integrated output will have four lobes and be

255  equally excited in both the North-South and East-West direction and the animals will be
256  expected to be disoriented (Fig. 3B). As the light irradiance increases further the East-West
257  axis will start to dominate and the animals will be expected to shift their orientation by 90°
258  (Fig. 3C). Then, as the light irradiance is increased further the animals will keep showing

259  shifted orientation, but as can be seen, the precision of the compass will gradually degrade
12
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and the orientation will be poorer and poorer until the animals finally show disorientation
again (Fig. 3D-E). An animated sequence of the integrated compass output as a function of
the model color gradient compass input is shown in Supplemental Movie 1.

A similar pattern of orientation responses is to be expected if we instead keep the
irradiance of the monochromatic light constant and vary the wavelength. There will be no
output from the color gradient compass if, initially, the wavelength of the monochromatic
light lies within a range where the input to the UV and long wavelength mechanism is
balanced. However, if we then shift the wavelength of the monochromatic light towards the

sensitivity of the UV or the LW receptors, then the radial frequency, $F () ,; , will

increase. Therefore, the more the wavelength of the monochromatic light moves towards
the spectral sensitivity of the UV or the long wavelength receptors, the more the radial

spike frequencies, $F ()., increase and (if the irradiance is high enough) we will expect

to observe the exact same sequence of orientation responses going from normal (Fig. 3A),

to disoriented (Fig. 3B), to a 90° shift (Fig. 3C), and again towards disoriented (Fig. 3D-E).

Model predictions of a mosaic pattern of orientation responses

It has now been shown how the hypothetical integration process is influenced as a
function of the relative excitation level of the color gradient compass photoreceptors. Let us
now consider what categories of orientation responses the model predicts to be distributed
around the spectral sensitivities of the color detectors as a function of both wavelength and
intensity of the light. Let us assume that we have a color gradient compass of the type

proposed above with a UV and a LW detector (Fig. 4). Let us first assume that animals in
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an orientation test are placed under illumination of monochromatic light of constant
wavelength close to the peak spectral sensitivity of either the UV or long wavelength
detectors (arrows 1). Under very low irradiances the output from the color gradient
compass will be minimal and not affect the orientation (black “N”). As the irradiance is
increased the animals will show the predicted sequence of orientation responses (c.f. Fig. 3
and see above) going from normal orientation, to disorientation (light gray “D”), to 90°
shift (darker grey “S”), and towards disorientation again. Oppositely, if the wavelength of
the monochromatic light lies between the peak spectral sensitivities of the UV and LW

detectors in a range where they are equally excited, then SF () ,; will be constantly low

and the orientation will stay normal and independent of irradiance (arrow 2).

Let us instead keep the irradiance constant and vary the wavelength (double arrow
3). If the wavelength is at first kept between the UV and LW receptors (middle of arrow 3)
the orientation will be normal as mentioned above, but as we change the wavelength
towards either the UV or LW detectors then these will start being increasingly excited
relative to the other detector and the model predicts an identical sequence of orientation
responses with responses going from normal, to disoriented, to shifted, and back to
disoriented.

The further the wavelength of the monochromatic light is placed towards the
spectral sensitivity of the UV or LW detectors, the lower the irradiance of the
monochromatic light is necessary to excite that detector a certain amount relative to the
other detector. We will therefore expect that the further the wavelength of the

monochromatic light is skewed towards the spectral sensitivity of one of the detectors, the

14



303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

lower the irradiance is necessary to elicit a given orientation response and the response
sequence (N— D — § — D) will start at lower and lower irradiances. This is illustrated by
arrows 4 where, if we for instance fix the attention to the shifted orientation response (S),
we will expect this particular response to occur at lower and lower irradiances as we go
towards the spectral sensitivity of the UV or LW detectors. The proposed relationship
between orientating responses and the absorption spectra of the detectors is highly
suggestive and the exact relationship must depend on factors like the specific form of the
detector’s absorption spectra, the relative sensitivity of the detectors, and the overlap

between the detectors.

Predictions on the concentration of orientation (r-value)

The r-value is used in circular statistics as a measure of the concentration of
individual headings around the mean direction (Batschelet, 1981). An r-value of 1 indicates
that the experimental animals are all headed in the exact same direction. An r-value of 0
indicates that the animals were totally disoriented and headed with equal probability
towards any direction. The precision by which a group of animals head towards a common
goal must strongly depend on the precision of their available compasses. It is fair to assume
for our hypothetical array of compass neurons that the more excited the cells coding the
North-South axis are relative to the cells coding the East-West axis, the more precise the
overall compass works and the better the animals are expected to be oriented. A common
measure of the relative sizes of the axes in an ellipse is the eccentricity. The eccentricity for

a compass will be termed the compass eccentricity, €. and is defined as follows:

15



325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

I 5:
g, = "~|.'l1 - :‘;— (Equation 5)

A, and B, are the major and minor compass axes of the given compass (see above). The
eccentricity varies between 0 and 1 with 0 indicating a circle and 1 an extreme oval form. A
compass is useless in pointing out directions and cause disorientation and r-values near 0

when the major and minor compass axes are equal (4, = B_) and ¢. = 0 and will have an
optimal precision and cause strong directional headings with r-values near 1 when 4, # &,

and ¢, goes towards 1. Thus we expect r-values and compass eccentricities to be highly
correlated.
Fig. 5 shows how the compass eccentricity of the integrated compass changes as a

function of SF () ,: (calculated as in Fig. 3 with 4,45 = 70 and B,,,g = 35 for the magnetic

compass). Fig. 5 also contains references to each of the examples in Fig. 3 (A-E) where the
directional firing pattern of the integrated compass can be seen for comparison. It should be
noted that the directional firing pattern of the integrated compass is obviously more
complex than the elliptic form and the compass eccentricity, which is defined for an ellipse,
strictly does not apply. However, this treatment seems quite adequate for the current
purpose and still gives a good measure of the contrast between the North-South and East-

West axis of the compass.
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Fitting compass eccentricity to observed r-values

As mentioned above the compass eccentricity, &, is expected to be highly correlated
with r-values and it is predicted that r-values in the literature will follow a similar pattern to
that of the compass eccentricity in Fig. 5. Therefore, in the following, fits of Eq. 5 as a

function of $F () ,; will be made to r-values in the literature. However, in practice there

is a problem in the fact that the compass eccentricity in Eq. 5 cannot easily be used as a
fitting function in a simple mathematical way because when the integration compass shifts
90° as Bj, > A we end up with the square root of a negative number: To solve this, the
following equation has been developed which does not have that problem and comes very

close to the conventional eccentricity measure:

% 39 H R
P L Ldpp =Amgz) = \8gpi =&, )

= =~ meg. (Equation 6)

T, WEaTR, . % . = N o
g 2 A Bhe Wepl~dmag ) T \Beoi ~Fmag!

g, =

The parameter 0.314 was found by iterative fitting of Eq. 6 to curves of Eq. 5 (see Fig. Al
in the appendix).

Scaling along both the abscissa and ordinate is necessary in order to fit the
theoretical compass eccentricities to the wavelength and irradiance data ranges of the real r-
values. This will be done by including some simple scaling parameters to Eq. 6. It turns out
that scaling along the abscissa provides a better fit to the irradiance and wavelength scale

when this is done by exponential transformation whereas it suffices with simple
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multiplication along the ordinate. Therefore, the literature data will be fitted by the

following equation:
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(Equation 7)
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The parameter 7 is then the linear multiplication factor for scaling along the ordinate and &
and m are the parameters for exponential scaling along the abscissa. The parameters of the
model magnet compass were kept constant during the fitting procedure with 4,,,, = 70 and
Byuag = 45. These constant values of the magnetic compass seemed to give the best fits and
were determined initially through fitting procedures with B,,., as an additional parameter.
The effect of changing the various fitting parameters is shown in Fig. A2 of the appendix.
As an indication of the goodness of fit the adjusted correlation coefficient R, is
reported in the results. R,y compensates for the number of parameters and the replication
and is lower than the standard correlation coefficient (Zar, 1996). P-values (F-test) of the
significance of the overall fit are also reported. It is important the reader keep in mind that
although Eq. 7 may look involved it represents in reality a simple measure of the
eccentricity (Eq. 5/6) stretched or shrunk along both axes to adapt to and fit the range of
real r-values. The fitting procedure was performed in Origin 8 Pro with Eq. 7 added as a

custom non-linear function.
Results
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Categorical orientation responses

Fig. 6 shows the three categorical orientation responses (normal, shifted, and
disorientation) reported in the literature as a function of wavelength and irradiance. Cases
of normal orientation are shown with black triangles, cases of shifted orientation are shown
as open diamonds with a cross line, and cases of disorientation are shown as open circles.
Overlapping data is shown by a cross at the original data point and the number of actual
data is shown as dots on both sides of the cross. Fixed uni-modal responses has been taken
as shifted orientation if they deviated from the normal direction by more than 45 and as
normal if they deviated by less.

The arrows 1 — 4 in Fig. 6 suggest the very same trends exist in the real orientation
data as those predicted by the model (c.f. Fig. 4; for ease of reference with Fig. 4 the arrows
in Fig. 6 have been given the same categorical numbers (1-4)). Let us first look at cases
where the wavelength is constant and the irradiance is changed. Along the right arrow
assigned “1” around 565 nm the birds were seen to be predominately normally oriented
below 20 - 10'° quanta/m?/s, between 20 and 35 - 10" quanta/m?/s they were predominantly
disoriented, from 35 to 55 + 10" quanta/m?/s the birds were mainly shifted in their
orientation, and at approximately 70 - 10"° quanta/m/s there was both a case of expected
disorientation and a single case of normal orientation not explainable by the model.
Similarly, along the left arrow marked “1” at 424 nm the birds were normally oriented
around 10 - 10"° quanta/m?/s, predominantly disoriented between approximately 30 and 40 -
10"® quanta/m?/s, then shifted in orientation just above 40 - 10'° quanta/m?/s, and
disoriented again around 55 - 10"° quanta/m”/s but a case of normal orientation around 70 -

10"* quanta/m?/s not explainable by the model. In contrast, in tests around 500 nm the birds
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showed normal orientation at all intensities from just below 10 - 10'> quanta/m*/s up to 70 -
10"° quanta/m?/s with just a single deviant case with shifted orientation (arrow 2; c.f. Fig.
4).

Now let us keep the irradiance constant and see what the data show when the
wavelength is changed. Along the lowermost arrow assigned “3” in Fig. 6 at irradiances
around 10 - 10"° quanta/m?/s it can be seen that from around 500 to 565 nm the orientation
responses were predominantly normal, then around 590 nm the birds were all disoriented,
at approximately 620 nm they were shifted 90° in their orientation, and between 625 and
650 nm they were again predominately disoriented. Along the upper arrow assigned “3” at
an irradiance round 45 - 10'° quanta/m?/s the birds predominately showed normal
orientation around 500 nm, there was no disorientation (possibly because of lacking data),
but around 565 nm the birds were predominately shifted in their orientation, and around
600 nm and upwards the birds were disoriented. The two arrows marked “4” both suggest
that the sequence of orientation responses were skewed towards lower irradiances when
going from around 425 nm to 375 nm or from around 565 nm to around 625 nm as
predicted by the model (see above and Fig. 4). In conclusion, the passerine literature shows
a rather strong overall correlation in its pattern of orientation responses as a function of
both wavelength and irradiance to those predicted by the model.

A predicted sequence of shifts in categorical orientation responses at a constant
irradiance of 45 - 10" quanta/m”/s (except 22 - 10" quanta/m*/s at 400 nm) was also seen
in data from the red-spotted newt (Tab. 1). The newts changed from normal orientation at

400 and 450 nm to disorientation at 475 nm and finally a 90° shift at 500 nm. The data is
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too sparse in the other species shown in Tab. 1 to take into consideration, but does not

disagree with the model.

Concentration of orientation

Fig. 7 shows how r-values from the literature changed with irradiance at constant
wavelengths (Fig. 7A-B) or with wavelength at approximate constant irradiances (Fig. 7C-
D). Averages with standard deviation error bars are shown in cases where more than one
data point was available, but all fits were performed on individual data points (sample size
N is given in the figures). At a constant wavelength of 424 nm the cue integration model
showed a good fit to available r-values with an R, value of 0.81 and p = 0.0004 (Fig. 7A).
The point in the normal orientation category at highest irradiance (in brackets) seems to be
a significant outlier both in value and orientation category and it was excluded from the
analysis. Including the outlier gives the statistics R,y = 0.47 and p = 0.04 which still is
significant, but not surprisingly with a much lower R4 value. There is evidence that
polarization cues and possibly the correlated color gradients can be suppressed at high
irradiances (Kinoshita et al., 2007) and in such case, the model would actually predict
normal orientation. At a constant wavelength of 565 nm there was good fit of the model to
the r-values with R4 = 0.74 and p < 0.0001 (Fig. 7B). Again, the outlier at high irradiance
was excluded with the same argument as above. Inclusion of the outlier results in the
alternative statistics R4 = 0.67 and p < 0.0001 which still is a rather good overall fit. At
approximate constant irradiances a good fit was shown at an irradiance between 6 — 14 -
10" quanta/m*/s with Rag;=0.93 and p <0.0001 (Fig. 7C) and at an approximate constant

flux of 43 — 54 - 10" quanta/m*/s with Rag;=0.74 and p < 0.001 (Fig. 7D).
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Data was also available for the red-spotted newt at a constant irradiance of 45 - 10"
quanta/m?/s (except 22 - 10" quanta/m?/s at 400 nm). If the outlier at 600 nm was included

-

in the analysis the fit is poor with £Z:;=-0.34 and p = 0.016 (Ré,;-;is negative if the fit is

very poor and the residual mean squares are larger than the total mean square (Zar, 1996)).
If the outlier was masked from the analysis a fair fit is obtained with R4 = 0.77 and p =
0.004. Since the latter analysis is more informative the summary of this analysis was
included in Fig. 7E.

Finally, since the fitting procedure was done by simple scaling of a fixed curve
form, each data point can be transformed back into the numerical domain of the model
(spikes/s) independent of whether the data point originally is a function of irradiance or
wavelength. This way, the overall fit of the model to all available literature data points can
be assessed. As can be seen in Fig. 7F, the summarized overall fit to the total data was quite
remarkable, in spite of the fact that the data were from different bird species, different
studies, and/or originated as a function of irradiance or wavelength. Running a fit on the

total data set gives a R, = 0.94 and p << 0.0001.

Spectral correlations

If the underlying visual compass is a color gradient compass we would expect
disorientation and 90° shifts in both the UV (or near UV) and longer wavelengths. In birds
(were most data is present) this is the case and in general fits a model based on color
gradient very well. The photoreceptors involved in passerines may be the UV sensitive
(UVS) cones and/or possibly the short wavelength sensitive (SWS) for the UV/near UV

mechanism (spectral sensitivities of typical passerine photoreceptors are shown in Fig. 6).
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472  The LW mechanism may be mediated by the mid wavelength sensitive (MWS), double
473  cones (DC), and/or long wavelength sensitive cones (LWS). If there is a reference color,
474  the SWS, MWS, and/or rods seem to be possible candidates.

475 In the newts the pattern does not immediately fit the idea of a color gradient

476  compass since orientation shifts are mainly observed in the MW-LW with no observations
477  near the UV (Table 1). However, the newt has not been as extensively studied with several
478  different irradiances as with the passerine birds, where it is evident, that very different
479  results are to be expected at different irradiances. Tests with higher irradiance and further
480  down in the UV may thus reveal patterns that allow a better comparison. Orientation by
481  color gradients has already been documented in insects and they would provide good test
482  animals for the model. Unfortunately, the light dependent orientation response data

483  available for insects (Tab. 1) are too few and can be interpreted in too many ways to allow

484  any meaningful statements.

485 Discussion

486 The current cue integration model explains the complex light-dependent orientation
487  responses surprisingly well and provides an important alternative to the radical pair

488  hypothesis as an explanation of these responses. It combines the questionable dual

489  magnetic reception hypotheses (radical pair and magnetite) into one simple hypothesis that
490  parsimoniously points to a single magneto-reception mechanism (probably based on IBMC)
491  which through an integration process with a celestial compass can be interfered with by
492  light. The literature data support the proposed cue integration model very well: the

493  predicted sequence of categorical orientation shifts as a function of both irradiance and
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wavelength match closely to those observed in the literature (Fig. 6) and model predictions
on the concentration of orientation as a function of both irradiance and wavelength fits

surprisingly well with observed r-values (Fig. 7).

Model performance

Although it has great explanatory power the model is crude in its current form. It
has for instance a problem if both cues happen to be equal in all directions since the
integration here will cancel to zero. Future elaborations are necessary if the model can be
validated, but inappropriate to address further at the current stage. The model is very robust
and will give very similar predictions and good fits within a wide range of the parameters

Amag, Binag, and & F(w) ., that are far from limited to the arbitrary ones used. The model is

not dependent on the elliptic form of FF,,. __(w) and will give very similar results with

nag
integration between any elongated form and the uniform circular distribution of $F{a) ...

The model is based on an assumption of lateral inhibition. Pragmatically, lateral inhibition
is more complicated than simple subtraction (Golden, 1996). However, the model is robust
and as long as the lateral inhibition function is linear and uniform in all geographical

directions the same overall model pattern will emerge and result in similar predictions.

Future test of model validity

In the following I will present some suggestions on how to test the cue integration

model with focus on the passerine birds. Unfortunately, since the presence and nature of a
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color gradient sensory system is unknown in vertebrates it is difficult to suggest any direct

test of the model.

The presence of a color gradient compass

First of all it will be important to establish if birds sense and are able to orient by
skylight color gradients. This should be relatively easy to establish for instance by placing
birds in the traditional test funnels covered by a frosted dome and set up color gradients by
differential illumination. However, great care must be taken to exclude intensity cues
(Coemans and Vos, 1992). The magnetic field has to be cancelled by Helmholtz coils to

eliminate it as a compass cue.

INlumination with two or more monochromatic sources

The idea of testing birds in illumination by two or more different monochromatic
light sources is a good one (Wiltschko et al., 2004a). Unfortunately, the results of
Wiltschko et al (2004a) are difficult to interpret and the birds behaved different in autumn
and spring. However, such types of experiments could be done to address some key
characteristics of the cue integration model. There seems to be at least three different
possible constitutions of a color gradient compass: 1) a compass that works without a
reference color and is a simple UV/LW antagonism (Eq. 2; compass 1 in Tab. 2). 2) A
compass that has UV/LW antagonism but uses a color in the SW-LW range as a reference
(Eq. 3; compass 2 in Tab. 2) . 3) A color gradient compass with no UV/LW antagonism

and with a color in the SW-MW range as a reference (compass 3 in Tab. 2):
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(Equation 8)

(Equation X)The three different compasses will predict different

experimental outcomes in the mixed color conditions as shown in Tab. 2: Experiment 1a:

the initial condition in Exp. la is at a constant irradiance in the UV (around perhaps 375
nm) high enough to elicit disorientation (the final stage of disorientation (end of arrows 1 in
Fig. 4)). This is probably occurring at a constant illumination of 20 — 30 - 10'* quanta/m*/s.

In case of compass 1 and 2 the UV/LW antagonism will increasingly counteract each other

as the LW irradiance (~625 nm) is increased and the orientation will be predicted to change
from disorientation into shifted orientation, to disorientation, and eventually when the UV
and LW color antagonism cancel each other, the orientation becomes normal. The normal
orientation is therefore expected to happen when the sensitivity of the LW mechanism
(SLw) approximates that of the UV mechanism at 20 — 30 - 10" quanta/mz/s (Suv.20-30) and
will give an estimate of the relative sensitivities of the UV and LW mechanisms. In the case
of compass 3 with no UV/LW antagonism the orientation response is expected to be

constant disorientation. Experiment 1b: in case of compass 1 and 2 the opposite sequence

of orientation responses (N — D — S — D) of Exp. 1a is expected to be observed as the
LW irradiance is increased from Sy = Suv.20-30t0 SLw= 2-Suv.20-30 (given the system is

linear). However, disorientation is again expected throughout for compass 3. Experiment

2: in case of compass | and 2, the initial condition here is the one found in Exp. 1 where the

sensitivity of the LW mechanism is the same as that of the UV mechanism at 20 —30 - 10"

quanta/mz/ s (S.w = Sur.20-30) and the orientation is normal. If the irradiance in the SW-MW
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range (~500 nm) is increased the orientation will stay normal for compass 1 and 2 since the
UV and LW mechanisms will always be cancelled out. However, for compass 3 with no
UV/LW antagonism, the orientation will be expected to be disorientation in the initial
condition, but expected to show a D — § — D — N sequence of orientation responses as

the increasing SW-MW irradiance increasingly reduces $F (w)..; (obviously it is not

possible to establish . = Suy.20-30 as with compass 1 and 2 for compass 3, and here, an
illumination of 15 - 10'® quanta/m?/s in both the UV and LW will probably be suitable and

result in disorientation). Experiment 3: here all compasses are predicted to show an initial

orientation response of disorientation. As the SW-MW irradiance is increased compass 1
predicts constant disorientation since it has no reference color and the UV/LW contrast will
stay constant. Oppositely, compasses 2-3 with reference detectors will be expected to show

the D — § — D — N sequence. Experiment 4: seems trivial and will not help separate the

compasses, but predicts that the typical normal orientation observed at irradiances of, for
instance, 15 quanta/m?/s (Fig. 6) is not due to a mechanism that depends on this wavelength
to function for normal magneto reception and that once saturated will continue to function
normally regardless of the presence of other wavelength light (as would be the logical
consequence of a cryptochrome based radical pair magnetic compass), but is part of a
system that is dependent on the relative balance between wavelengths as is the case in the
proposed cue integration model.

As follows from the above and Tab. 2, performance of Exp. 1-4 can help establish
whether or not a group of test birds will show behaviors that are consistent with the model

predictions. Although it may not provide direct evidence, positive results will strongly
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support the cue integration model. Especially so if the existence of a color gradient
compass can be demonstrated at the same time. Exp. 1-3 will help determine what type of

compass (1-3) lies behind the integration process.

A possible role of a polarization compass?

Although the simplicity of the color gradient compass highly favors it as the major
candidate in the model, there is a theoretical possibility of an alternative role of a
polarization compass which deserves mentioning. In polarization sensitivity two
orthogonally oriented polarization receptors and a luminosity detector is sufficient to
determine the three important factors: total intensity (/), e-vector orientation (¢) and degree
of polarization (d) (Bernard and Wehner, 1977; Flamarique and Hawryshyn, 1998; Wehner,
1983; Wehner et al., 1975). If the detectors have separate spectral sensitivities, a compass
based on the degree of polarization and/or e-vector orientation may lead to misperceptions
similar to those proposed for the color gradient compass. In support of this, polarization
vision in many animals may not always be entirely independent of color. In vertebrates,
some fishes show clear evidence of the use of different color sensitive cones (UV and LW
sensitive) in polarization vision (Cameron and Easter, 1993; Coughlin and Hawryshyn,
1995; Hawryshyn and McFarland, 1987; Parkyn and Hawryshyn, 1993), although here, it
has been concluded that color is unlikely to confound with polarization sensitivity
(Ramsden et al., 2008). In invertebrates, Daphnia pulex show wavelength dependent
polarization vision and shift their orientation 90° relative to the normal angular direction in
polarized light of wavelengths above 570 nm, they are disoriented in polarized light of

wavelengths above 515 nm, whereas they keep their orientation normal in polarized light of
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wavelengths above 455 nm (Flamarique and Browman, 2000). In the locust (Schistocerca
gregaria) polarization sensitive neurons respond differently to both unpolarized UV and
green light, and polarized blue light indicating different roles of spectrally different units in
polarization related vision (Kinoshita et al., 2007). Papilio butterflies show polarization
vision that is dependent on colors and anatomical and physiological data has been pointed
out to suggest an interdependence of polarization and color vision in other species like
Pieris and Nymphalid butterflies, tabanid flies (Tabanidae), ladybirds (Coccinella

septempunctata), and Waterstriders (Gerris palludum) (Kelber et al., 2001).
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// Dear editors and reviewers. The appendix consist of no text and only of two
figures (figures texts are below) that I think is an important elaboration on technical parts
of the fitting procedure to convince the reader that the fitting is in principle very simple and

that the parameters does not change the curve form per se.//

Figure A1: Comparison of the traditional eccentricity (Eq. 5) and the modified eccentricity
(Eq. 6). As can be seen the two curves come very close. The modified eccentricity was
introduced to automate and improve the fitting procedure by avoiding problems with square
roots of negative numbers when the model orientation shifts by 90°. The modified
eccentricity equation may prove especially helpful in future experiments when more data is
available or data is collected aimed at direct tests of the model so that fits can be made to

evaluate model parameters in a more precise way.

Figure A2: Demonstrates how various parameters of the modified eccentricity fitting
equation affect the fitting curve. A) The parameter £ of Eq. 7 mainly shifts the curve along
the abscissa without compressing the curve much. B) The parameter m mainly compresses
the curve so that for instance the slope of the decreasing eccentricity at the end of the curve
increases. C) The parameter # scales the curve along the ordinate. D) Given that 4., is
fixed the parameter B,,,, determines the eccentricity and precision of the model magnetic

compass itself (see Eq. 1 & 6) and determines the eccentricity at $F () ;= 0.

Table and Figure Legends
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Table 1: Light-dependent orientation responses in non-passerine birds, amphibians, and
insects. N = normal orientation towards an expected and meaningful direction, D =
disorientation, S = shifted orientation 90° in relation to the normal orientation. The
wavelength of the monochromatic light is shown at the top and the numbers show the
irradiance in 10" quanta/m”/s. (Data taken from Freake and Phillips, 2005; Phillips and
Borland, 1992a; Phillips and Borland, 1992b; Phillips and Sayeed, 1993; Vacha et al.,

2008; Wiltschko and Wiltschko, 1998; Wiltschko et al., 2007b).

Table 2: Expected orientation responses predicted by the cue integration model in different
orientation tests with illumination by two to three different monochromatic light sources.

See text for details.

Figure 1: Hypothetical model compasses. A) A hypothetical magnetic compass consisting
of a circular array of cells. Cell spike frequency is coded by gray scale such that the darker
the cell the more excited it is. The directional firing pattern (see text) is represented
mathematically as radial plots of spike frequencies forming an ellipse (middle). B) A
simplified 2D hypothetical color gradient compass. The compass consists of a circular array
of cells receiving input from photoreceptors that sample the horizon around all 360°.
Scattering of sunlight on the atmosphere result in a skylight color gradient with a relative
high amount of long wavelength light in direction of the sun (light grey part of the
outermost circle) and a relative high amount of UV light (or shorter wavelengths in general)
in the anti solar direction (dark grey part of the outermost circle). In the solar and anti solar

direction (solar meridian) the difference in the irradiance of long wavelength and UV is
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therefore greatest. This difference is assumed to excite the compass cells (see text) and the
cells aligned along the solar meridian are therefore maximally excited whereas there’s a
minimal excitation in directions 90 relative to the solar meridian. The directional firing
pattern is therefore represented as an ellipse (middle) like in A. (grayscale code of compass
cells as in A). C) If the hypothetical compass sensory system in B is placed in
monochromatic light within a wavelength that specifically excites the long wavelength or
UV detectors only, the sensory system will perceive a large difference in long wavelength
and UV light in all directions all units will be highly excited (all units are dark gray). The

resultant directional firing pattern is thus forming a circle rather than an ellipse.

Figure 2: Model integration (solid line) between the hypothetical magnetic compass
(dotted line) and the hypothetical color gradient compass (dashed line). Major and minor
compass axes are arbitrarily set to 70 spikes/s and 35 spikes/s, and 100 spikes/s and 35
spikes/s for the magnetic and color gradient compass, respectively (see text). A) The
integration leads to a compass with a higher contrast between the North-South and East-
West axes. B) If, for instance, the two cues are misaligned (here by 15°) the hypothetical

integration compass will show a clear direction along the axis of the most prominent cue.

Figure 3: The outcome of the integration process in monochromatic light at different radial

spike frequency values, $F () ;, of the color gradient (dashed line). Dotted line =

magnetic compass, solid line = integrated compass. A) At low input ($F{w),,; = 20) into

the color gradient compass (e.g. low intensity of the monochromatic light; see text) there is
32



687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

only a little effect and the animals are still normally oriented. B) As the input increases

(8F () ;5 = 52) the resultant integrated compass has significant lobes along both axes

presumably resulting in disorientation. C) As the input further increases (5F ()., = 75)

the East-West axis starts dominating and the result is a 90° orientation shift of the animals.
D-E) The more the input into the color gradient compass increases from here

(§F(w),,: = 150 and 400), the more the contrast between the East-West and North-South

axis deteriorates and the animals will be expected to show disorientation again.

Figure 4: Categorical orientation responses as a function of light wavelength and
irradiance. The model predicted orientation responses are outlined together with
hypothetical absorption spectra (thick solid lines) of the hypothetical color gradient system
assumed to be consisting of UV and LW sensitive detectors. The arrows show predictions
of sequences of orientation responses. N = normal orientation, D = disorientation, and § =

shifted orientation. See text for details.

Figure 5: Model predicted changes in eccentricity (Eq. 5) of the integrated compass as the

circular excitation of the color gradient compass, $F ()., increases. The higher the

eccentricity, the better the integrated compass points out directions. Shown are also
references to Fig. 3 in which the corresponding directional firing pattern of the integrated

compass can be seen. Solid line = predicted normal orientation, dotted line = predicted
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707  disorientation, and dashed line = predicted shifted orientation. Calculated with 4,,,= 70
708  and By = 35.

709

710  Figure 6: The literature data on orientation responses of passerines under monochromatic
711  light of different wavelengths and irradiances. Shown is also the normalized photon catches
712 of visual cones from a representative passerine, the blue tit (Parus caeruleus), including oil
713 droplet absorption (UV'S = ultraviolet sensitive cones, SWS = short wave sensitive cones,
714 MWS = mid wave sensitive cones and LS = long wave sensitive cones). The normalized
715  absorption spectrum of rods (RODS) and the LWS pigments present in double cones (DC;
716  double cones generally lack oil droplets) are also shown. Shifted orientation (open

717 diamonds with a cross line) includes both observed 90° shifted bimodal orientation and
718  unimodal so-called “fixed orientations” of these deviated 45° or more from the normal

719  orientation. Overlapping data points are shown as a horizontal row of points and their

720  common origin shown with a cross. The numbered arrows indicate trends of orientation
721  shifts that were predicted by the model as shown in Fig. 4. Vision data for single cones was
722  taken from Hart and Hunt (2007). Double cone absorption spectrum was calculated from
723 Govardovskii et al (2000) with no oil droplet correction. Orientation data was taken from
724  (Stapput (2006) doctorial thesis data referenced in: Johnsen et al., 2007; Muheim et al.,
725  2002a; Munro et al., 1997; Rappl et al., 2000; Wiltschko et al., 2007a; Wiltschko et al.,
726  2005; Wiltschko et al., 2008; Wiltschko and Wiltschko, 1995b; Wiltschko and Wiltschko,
727  1999b; Wiltschko and Wiltschko, 2000; Wiltschko and Wiltschko, 2001; Wiltschko and

728  Wiltschko, 2002; Wiltschko and Wiltschko, 2005; Wiltschko et al., 2000; Wiltschko et al.,
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2001; Wiltschko et al., 1993; Wiltschko et al., 2003; Wiltschko et al., 2004a; Wiltschko et

al., 2004b).

Figure 7: Model fits of compass eccentricity to literature r-values at wavelengths or
irradiances where adequate data were available. Statistics of the fits are summarized in each
figure (see methods for details). Compass eccentricity fitted to literature r-values of birds as
a: A) function of irradiance at a constant wavelength of 424 nm. B) function of irradiance at
a constant wavelength of 565 nm. C) function of wavelength within a constant range of
irradiances between 6 — 14 - 10"° quanta/m”/s. D) function of wavelength within a constant
range of irradiances between 43 — 54 - 10'° quanta/m?/s. E) Compass eccentricity fitted to
literature r-values of red-spotted newts as a function of wavelength at a constant
irradiances of 45 - 10" quanta/m?/s (except 22 - 10'> quanta/m?/s at 400 nm). F) Summary
of all fits to the bird data. Each data point was transferred back into the numerical domain
of the model by a transformation based on the values of the parameters 7, k, and m of the

fitting curve.
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