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The magnetic compass sense of animals is currently thought to be based on lightdependent 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 (rvalues) 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.

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. [START_REF] Johnsen | The physics and neurobiology of magnetoreception[END_REF][START_REF] Johnsen | Magnetoreception in animals[END_REF]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. [START_REF] Johnsen | The physics and neurobiology of magnetoreception[END_REF][START_REF] Johnsen | Magnetoreception in animals[END_REF][START_REF] Solov'yov | Iron-mineral-based magnetoreceptor in birds: polarity or inclination compass[END_REF][START_REF] Walker | A model for encoding of magnetic field intensity by magnetite-based magnetoreceptor cells[END_REF]. In vertebrates, there is good support of the existence of such an IBMC compass system in the nasal region of rainbow trout (Oncorhynchus mykiss) [START_REF] Diebel | Magnetite defines a vertebrate magnetoreceptor[END_REF][START_REF] Walker | Structure and function of the vertbrate magnetic sense[END_REF] and in the skin of the upper beak and nasal region of a number of birds [START_REF] Beason | Magnetic orientation and magnetically sensitive material in a transequatorial migratory bird[END_REF][START_REF] Fleissner | A novel concept of Fe-mineral-based magnetoreception: histological and physicochemical data from the upper beak of homing pigeons[END_REF][START_REF] Fleissner | Ultrastructural analysis of a putative magnetoreceptor in the beak of homing pigeons[END_REF][START_REF] Hanzlik | Superparamagnetic magnetite in the upper beak tissue of homing pigeons[END_REF][START_REF] Williams | Trigeminally innervated iron-containing structures in the beak of homing pigeons, and other birds[END_REF][START_REF] Winklhofer | Clusters of superparamagnetic magnetite particles in the upper-beak skin of homing pigeons: evidence of a magnetoreceptor?[END_REF]. Several theoretical considerations support that IBMC can function as a magneto reception system with no major problems [START_REF] Davila | A new model for a magnetoreceptor in homing pigeons based on interacting clusters of superparamagnetic magnetite[END_REF][START_REF] Davila | Magnetic pulse affects a putative magnetoreceptor mechanism[END_REF][START_REF] Edmonds | A magnetite null detector as the migrating bird's compass[END_REF]Fleissner et al., [START_REF] Kirschvink | Biogenic magnetite as a basis for magnetic field detection in animals[END_REF]Kirschvink and Walker, 1985;[START_REF] Shcherbakov | The osmotic magnetometer: a new model for magnetite-based magnetoreceptors in animals[END_REF][START_REF] Solov'yov | Theoretical analysis of an iron mineral-based magnetoreceptor model in birds[END_REF][START_REF] Solov'yov | Iron-mineral-based magnetoreceptor in birds: polarity or inclination compass[END_REF][START_REF] Walker | A model for encoding of magnetic field intensity by magnetite-based magnetoreceptor cells[END_REF][START_REF] Winklhofer | Clusters of superparamagnetic magnetite particles in the upper-beak skin of homing pigeons: evidence of a magnetoreceptor?[END_REF][START_REF] Yorke | A possible magnetic transducer in birds[END_REF][START_REF] Yorke | Sensivity of pigeons to small magnetic field variations[END_REF][START_REF] Yorke | Energetics and sensivity considerations of ferromagnetic magnetoreceptors[END_REF].

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 [START_REF] Ritz | A model for photoreceptor-based magnetoreception in birds[END_REF][START_REF] Schulten | Magnetic field effects in chemistry and biology[END_REF][START_REF] Schulten | Model for a physiological magnetic compass[END_REF]). Currently, the major candidate molecules are the cryptochromes which are known to serve functions mainly in circadian rhythms [START_REF] Ritz | A model for photoreceptor-based magnetoreception in birds[END_REF]Sancar, 1999;[START_REF] Sancar | Structure and function of DNA photolyase and cryptochrome blue-light photoreceptors[END_REF]. 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 [START_REF] Adair | Effects of very weak magnetic fields on radical pair reformation[END_REF][START_REF] Cintolesi | Anisotropic recombination of an immobilized photoinduced radical pair in a 50-mu T magnetic field: a model avian photomagnetoreceptor[END_REF][START_REF] Efimova | Role of exchange and dipolar interactions in the radical pair model of the avian magnetic compass[END_REF][START_REF] Maeda | Chemical compass model of avian magnetoreception[END_REF][START_REF] Rodgers | Chemical magnetoreception in birds: The radical pair mechanism[END_REF][START_REF] Solov'yov | Magnetoreception through Cryptochrome May Involve Superoxide[END_REF]Solov'yov et al., 2007;[START_REF] Wang | On the use of magnets to disrupt the physiological compass of birds[END_REF][START_REF] Weaver | Biological sensing of small field differences by magnetically sensitive chemical reactions[END_REF].

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. [START_REF] Johnsen | Magnetoreception in animals[END_REF][START_REF] Wiltschko | Magnetoreception[END_REF][START_REF] Wiltschko | Magnetic compass orientation in birds and its physiological basis[END_REF]. 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 90Ûrelative to that direction, orient towards some unexplainable fixed direction, or be completely disoriented in spite of
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5 being perfectly able to see [START_REF] Johnsen | Light-dependent magnetoreception: quantum catches and opponency mechanisms of possible photosensitive molecules[END_REF][START_REF] Wiltschko | Magnetoreception[END_REF]. 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 [START_REF] Johnsen | Light-dependent magnetoreception: quantum catches and opponency mechanisms of possible photosensitive molecules[END_REF] and there are cases of disorientation at wavelengths well within the cryptochrome's absorption spectrum (Wiltschko et al., 2007a;[START_REF] Fleissner | Ultrastructural analysis of a putative magnetoreceptor in the beak of homing pigeons[END_REF]. 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 [START_REF] Wiltschko | Avian orientation: Multiple sensory cues and the advantage of redundancy, Perception and Motor Control in Birds[END_REF]. 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 [START_REF] Wiltschko | Avian orientation: Multiple sensory cues and the advantage of redundancy, Perception and Motor Control in Birds[END_REF]. 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, 

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 [START_REF] Deutschlander | The case for light-dependent magnetic orientation in animals[END_REF]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 (Equation 1)

where the constants A mag and B mag 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 A and B will be referred to as the major and minor compass axis, respectively. SF(Ȧ) mag 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 A c c e p t e d m a n u s c r i p t 8 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 o relative to the direction of the sun (Fig. 1B) [START_REF] Coemans | The relationship between celestial color gradients and the position of the sun with regard to the sun compass[END_REF]. Although it is known that key navigators like bees and ants are able to use color gradients for rather precise orientation [START_REF] Rossel | Celestial orientation in bees -the use of spectral cues[END_REF][START_REF] Wehner | The ant's celestial compass system: spectral and polarization channels[END_REF], 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:

(Equation 2)

A c c e p t e d m a n u s c r i p t 9 , in any given direction, is the absolute difference between the spike frequency elicited by a UV photoreceptor mechanism, SF UV (Ȧ), and that of a long wavelength sensitive photoreceptor mechanism SF LW (Ȧ). SF(Ȧ) col would then be maximal (A col ) along the solar-anti solar axis (solar meridian) where the spectral contrast is maximal and minimal along the axis 90 o relative to the solar meridian where the contrast is minimal (B col ). 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 [START_REF] Kinoshita | Spectral properties of identified polarized-light sensitive interneurons in the brain of the desert locust Schistocerca gregaria[END_REF]. In that case Eq. 2, which will be returned to later, becomes:

(Equation 3)

where SF SW-MW is 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 [START_REF] Able | Common themes and variations in animal orientation systems[END_REF][START_REF] Wiltschko | Avian orientation: Multiple sensory cues and the advantage of redundancy, Perception and Motor Control in Birds[END_REF]. Lateral inhibition, where [START_REF] Golden | Mathematical Methods for Neural Network Analysis and Design[END_REF]. 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:

(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, A col = 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 col = 35). Let us assume the hypothetical magnetic compass has the same spontaneous spike frequency of 35 spikes/s along the East-West axis (B mag = 35) but because celestial cues appear to be dominant and preferred over magnetic cues [START_REF] Mouritsen | Redstarts, Phoenicurus phoenicurus , can orient in a true-zero magnetic field[END_REF][START_REF] Muheim | Magnetic compass calibration: a single calibration reference derived from sunset/sunrise polarized light cues from the region of sky near the horizon?[END_REF][START_REF] Wiltschko | Avian orientation: Multiple sensory cues and the advantage of redundancy, Perception and Motor Control in Birds[END_REF] 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 (A mag = 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 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 [START_REF] Wiltschko | The influence of magnetic total intensity and inclination on directions preferred by migrating European Robins (Erithacus rubecula)[END_REF], 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(Ȧ) col , 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. A col = B col ; Fig. 1C). The higher the irradiance of monochromatic light exciting predominately one color detector, the larger the difference in all directions and thus the higher predominately excites one color detector over the other, the larger the difference and thus the higher the radial spike frequency SF(Ȧ) col . In the following treatment, the term SF(Ȧ) col will be referred to as as a reminder that the directional firing pattern is uniform and forms a circle and that its radial spike frequency ("radius") depends on the irradiance and wavelength of the monochromatic light.

Behavior of integration in monochromatic light

What happens if we do the integration with the uniform directional firing pattern suggested above? Fig. 3A shows an initial case of compass integration where the monochromatic light is assumed to excite predominately one color detector but where the irradiance is low and results in a low radial spike frequency of the color gradient compass.

Here there is little effect of the color gradient compass on the integrated compass and the animals will be expected to orient normally towards the North. As the irradiance of the monochromatic light increases the radial spike frequencies of the color gradient compass, , will increase. At one point the integrated output will have four lobes and be equally excited in both the North-South and East-West direction and the animals will be expected to be disoriented (Fig. 3B). As the light irradiance increases further the East-West axis will start to dominate and the animals will be expected to shift their orientation by 90Û (Fig. 3C). Then, as the light irradiance is increased further the animals will keep showing shifted orientation, but as can be seen, the precision of the compass will gradually degrade
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13 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, , 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, , 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 90Û 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 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 90Û 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 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 

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 [START_REF] Batschelet | Circular Statistics in Biology[END_REF]). 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, İ c, and is defined as follows: As mentioned above the compass eccentricity, İ c , 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 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 90Û as B int > A int 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:

(Equation 6)

The parameter 0.314 was found by iterative fitting of Eq. 6 to curves of Eq. 5 (see Fig. A1 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 rvalues. 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 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 adj is reported in the results. R adj compensates for the number of parameters and the replication and is lower than the standard correlation coefficient [START_REF] Zar | Biostatistical analysis[END_REF]. 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. 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

Results

A

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 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 15 quanta/m 2 /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 15 quanta/m 2 /s (except 22 • 10 15 quanta/m 2 /s at 400 nm) was also seen in data from the red-spotted newt (Tab. 1). The newts changed from normal orientation at 

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 adj 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 adj = 0.47 and p = 0.04 which still is significant, but not surprisingly with a much lower R adj value. There is evidence that polarization cues and possibly the correlated color gradients can be suppressed at high irradiances [START_REF] Kinoshita | Spectral properties of identified polarized-light sensitive interneurons in the brain of the desert locust Schistocerca gregaria[END_REF] 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 R adj = 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 R adj = 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 15 quanta/m 2 /s with R adj = 0.93 and p < 0.0001 (Fig. 7C) and at an approximate constant flux of 43 -54 • 10 15 quanta/m 2 /s with R adj = 0.74 and p < 0.001 (Fig. 7D).
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22 Data was also available for the red-spotted newt at a constant irradiance of 45 • 10 15 quanta/m 2 /s (except 22 • 10 15 quanta/m 2 /s at 400 nm). If the outlier at 600 nm was included in the analysis the fit is poor with = -0.34 and p = 0.016 ( is negative if the fit is very poor and the residual mean squares are larger than the total mean square [START_REF] Zar | Biostatistical analysis[END_REF]).

If the outlier was masked from the analysis a fair fit is obtained with R adj = 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 adj = 0.94 and p << 0.0001.

Spectral correlations

If the underlying visual compass is a color gradient compass we would expect disorientation and 90 o 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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The LW mechanism may be mediated by the mid wavelength sensitive (MWS), double cones (DC), and/or long wavelength sensitive cones (LWS). If there is a reference color, the SWS, MWS, and/or rods seem to be possible candidates.

In the newts the pattern does not immediately fit the idea of a color gradient compass since orientation shifts are mainly observed in the MW-LW with no observations near the UV (Table 1). However, the newt has not been as extensively studied with several different irradiances as with the passerine birds, where it is evident, that very different results are to be expected at different irradiances. Tests with higher irradiance and further down in the UV may thus reveal patterns that allow a better comparison. Orientation by color gradients has already been documented in insects and they would provide good test animals for the model. Unfortunately, the light dependent orientation response data available for insects (Tab. 1) are too few and can be interpreted in too many ways to allow any meaningful statements.

Discussion

The current cue integration model explains the complex light-dependent orientation responses surprisingly well and provides an important alternative to the radical pair hypothesis as an explanation of these responses. It combines the questionable dual magnetic reception hypotheses (radical pair and magnetite) into one simple hypothesis that parsimoniously points to a single magneto-reception mechanism (probably based on IBMC)

which through an integration process with a celestial compass can be interfered with by light. The literature data support the proposed cue integration model very well: the predicted sequence of categorical orientation shifts as a function of both irradiance and
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24 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 A mag , B mag , and that are far from limited to the arbitrary ones used. The model is not dependent on the elliptic form of and will give very similar results with integration between any elongated form and the uniform circular distribution of .

The model is based on an assumption of lateral inhibition. Pragmatically, lateral inhibition is more complicated than simple subtraction [START_REF] Golden | Mathematical Methods for Neural Network Analysis and Design[END_REF]. 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 

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 [START_REF] Coemans | On the perception of polarized light by the homing pigeon[END_REF]. The magnetic field has to be cancelled by Helmholtz coils to eliminate it as a compass cue.

Illumination 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. the initial condition in Exp. 1a 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 15 quanta/m 2 /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 (S LW ) approximates that of the UV mechanism at 20 -30 • 10 15 quanta/m 2 /s (S UV.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 ĺ D ĺ S ĺ D) of Exp. 1a is expected to be observed as the LW irradiance is increased from S LW = S UV.20-30 to S LW = 2•S UV.20-30 (given the system is linear). However, disorientation is again expected throughout for compass 3. Experiment 2: in case of compass 1 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 15 quanta/m 2 /s (S LW = S UV.20-30 ) and the orientation is normal. If the irradiance in the SW-MW

A c c e p t e d m a n u s c r i p t

27 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 ĺ S ĺ D ĺ N sequence of orientation responses as the increasing SW-MW irradiance increasingly reduces (obviously it is not possible to establish S LW = S UV.20-30 as with compass 1 and 2 for compass 3, and here, an illumination of 15 • 10 15 quanta/m 2 /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 ĺ S ĺ D ĺ 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 2 /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 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 (I), e-vector orientation (ij) and degree of polarization (d) [START_REF] Bernard | Functional similarities between polarization vision and color vision[END_REF][START_REF] Flamarique | The common white sucker (Catostomus commersoni): a fish with ultraviolet sensitivity that lacks polarization sensitivity[END_REF][START_REF] Wehner | The perception of polarised light[END_REF][START_REF] Wehner | Twisted and non-twisted rhabdoms and their significance for polarization detection in the bee[END_REF]. 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 [START_REF] Cameron | The cone photoreceptor mosaic of the green sunfish (Leomis cyanellus)[END_REF][START_REF] Coughlin | A cellular basis for polarized light vision in rainbow trout[END_REF][START_REF] Hawryshyn | Cone photoreceptor mechanisms and the detection of polarized light in fish[END_REF][START_REF] Parkyn | Polarized light sensitivity in rainbow trout (Oncorhyncus mukiss) -characterization from multiunit responses in the optic nerve[END_REF], although here, it has been concluded that color is unlikely to confound with polarization sensitivity [START_REF] Ramsden | Retinal processing and opponent mechanisms mediating ultraviolet polarization sensitivity in rainbow trout (Onchorhynchus mykiss)[END_REF]. In invertebrates, Daphnia pulex show wavelength dependent polarization vision and shift their orientation 90Û 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 [START_REF] Flamarique | Wavelength-dependent polarization orientation in Daphnia[END_REF]. 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 [START_REF] Kinoshita | Spectral properties of identified polarized-light sensitive interneurons in the brain of the desert locust Schistocerca gregaria[END_REF]. 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) [START_REF] Kelber | Polarisation-dependent colour vision in Papilio butterflies[END_REF]. [START_REF] Freake | Light-dependent shift in bullfrog tadpole magnetic compass orientation: Evidence for a common magnetoreception mechanism in anuran and urodele amphibians[END_REF]Phillips and Borland, 1992a;Phillips and Borland, 1992b;[START_REF] Phillips | Wavelength-dependent effects of light on magnetic compass orientation in Drosophila melanogaster[END_REF][START_REF] Vacha | Effect of light wavelength spectrum on magnetic compass orientation in Tenebrio molitor[END_REF][START_REF] Wiltschko | Pigeon homing: Effect of various wavelengths of light during displacement[END_REF]Wiltschko et al., 2007b). 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. (Stapput (2006) doctorial thesis data referenced in: [START_REF] Johnsen | Light-dependent magnetoreception: quantum catches and opponency mechanisms of possible photosensitive molecules[END_REF]Muheim et al., 2002a;[START_REF] Munro | Effect of wavelength of light and pulse magnetisation on different magnetoreception systems in a migratory bird[END_REF][START_REF] Rappl | Orientation behavior of Garden Warblers (Sylvia borin) under monochromatic light of various wavelengths[END_REF]Wiltschko et al., 2007a;Wiltschko et al., 2005;[START_REF] Wiltschko | Light-dependent magnetoreception: orientation behaviour of migratory birds under dim red light[END_REF]Wiltschko and Wiltschko, 1995b;Wiltschko and Wiltschko, 1999b;Wiltschko and Wiltschko, 2000;Wiltschko and Wiltschko, 2001;[START_REF] Wiltschko | Magnetic compass orientation in birds and its physiological basis[END_REF]Wiltschko and Wiltschko, 2005;Wiltschko et al., 2000;Wiltschko et al., Wiltschko et al., 1993;[START_REF] Fleissner | Ultrastructural analysis of a putative magnetoreceptor in the beak of homing pigeons[END_REF]Wiltschko et al., 2004a;Wiltschko et al., 2004b). 

Table and

  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.

  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 360Û 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, Ȧ, follow a simple elliptic form and can be represented mathematically by a standard ellipse equation as:

  a mutual inhibitory effect, is common in many sensory systems like for instance in vision contrast enhancement

  frequency SF(Ȧ) col (i.e. larger radius of the circular directional firing pattern). Similarly, the more the wavelength of the monochromatic light skews towards and

  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 A c c e p t e d m a n u s c r i p t 14 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).

  is necessary to elicit a given orientation response and the response sequence (Nĺ D ĺ S ĺ 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.

  Fig. 5 shows how the compass eccentricity of the integrated compass changes as a

  ordinate. Therefore, the literature data will be fitted by the following equation: (Equation7)The parameter n is then the linear multiplication factor for scaling along the ordinate and k 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 A mag = 70 and B mag = 45. These constant values of the magnetic compass seemed to give the best fits and were determined initially through fitting procedures with B mag as an additional parameter.

  Fig.6shows the three categorical orientation responses(normal, shifted, and 

  the arrows in Fig.6have 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 15 quanta/m 2 /s, between 20 and 35 • 10 15 quanta/m 2 /s they were predominantly disoriented, from 35 to 55 • 10 15 quanta/m 2 /s the birds were mainly shifted in their orientation, and at approximately 70 • 10 15 quanta/m 2 /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 15 quanta/m 2 /s, predominantly disoriented between approximately 30 and 40 • 10 15 quanta/m 2 /s, then shifted in orientation just above 40 • 10 15 quanta/m 2 /s, and disoriented again around 55 • 10 15 quanta/m 2 /s but a case of normal orientation around 70 • at all intensities from just below 10 • 10 15 quanta/m 2 /s up to 70 • 10 15 quanta/m 2 /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.6at irradiances around 10 • 10 15 quanta/m 2 /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,

  the other species shown in Tab. 1 to take into consideration, but does not disagree with the model.

  system is unknown in vertebrates it is difficult to suggest any direct test of the model.

  )The three different compasses will predict different experimental outcomes in the mixed color conditions as shown in Tab. 2: Experiment 1a:

  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.

Figure A1 :

 A1 figures (figures texts are below) that I think is an important elaboration on technical parts

Figure A2 :

 A2 Figure A2: Demonstrates how various parameters of the modified eccentricity fitting

  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 15 quanta/m 2 /s. (Data taken from
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 1 Figure 1: Hypothetical model compasses. A) A hypothetical magnetic compass consisting
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 2 Figure 2: Model integration (solid line) between the hypothetical magnetic compass
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 3 Figure 3: The outcome of the integration process in monochromatic light at different radial
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 4 Figure 4: Categorical orientation responses as a function of light wavelength and

Figure 5 :

 5 Figure 5: Model predicted changes in eccentricity (Eq. 5) of the integrated compass as the
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 6 Figure 6: The literature data on orientation responses of passerines under monochromatic
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 7 Figure 7: Model fits of compass eccentricity to literature r-values at wavelengths or
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Table 2 :

 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.
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