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Abstract 21 

The magnetic compass sense of animals is currently thought to be based on light-22 

dependent processes like the proposed radical pair mechanism. In accordance, many 23 

animals show orientation responses that depend on light. However, the orientation 24 

responses depend on the wavelength and irradiance of monochromatic light in rather 25 

complex ways that cannot be explained directly by the radical pair mechanism. Here, a 26 

radically different model is presented that can explain a vast majority of the complex 27 

observed light-dependent responses. The model put forward an integration process 28 

consisting of simple lateral inhibition between a normal functioning, light-independent 29 

magnetic compass (e.g. magnetite based) and a vision based skylight color gradient 30 

compass that misperceives compass cues in monochromatic light. Integration of the 31 

misperceived color compass cue and the normal magnetic compass not only explains most 32 

of the categorically different light-dependent orientation responses and their sequential 33 

occurrence, but also shows a surprisingly good fit to how well the animals are oriented (r-34 

values) under light of different wavelength and irradiance. The model parsimoniously 35 

suggests the existence of a single magnetic compass in birds (probably based on magnetite) 36 

and explains the light-dependency as simple interference with another, vision based 37 

compass. 38 

 39 

 40 

Keywords: magnetoreception; monochromatic light; light-dependent orientation responses; 41 

radical pair mechanism; magnetite.42 
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 43 

Introduction 44 

Many animals use a number of different compass cues to orient during migration. It 45 

has long been known that several animals can sense the Earth magnetic field and use it for 46 

orientation (Wiltschko and Wiltschko, 1995a). However, after more than 30 years of 47 

research it is still largely a puzzle exactly how the magnetic sense works and where the 48 

sense organ is located. Two major competing hypotheses exist today on a sensory 49 

transduction mechanism: one is based on small iron based magnetic crystals (IBMC) like  50 

magnetite and the other a chemical compass based on magnetic properties of radical pairs 51 

excited by light called the radical pair mechanism (see reviews in e.g. Johnsen and 52 

Lohmann, 2005; Johnsen and Lohmann, 2008; Wiltschko and Wiltschko, 2005).  53 

The transduction mechanism based on IBMC is generally hypothesized to consist of 54 

the interaction of the Earth magnetic field with the magnetic crystals which then induce 55 

stress and strain on associated membranes with mechanosensitive ion channels (see e.g. 56 

Johnsen and Lohmann, 2005; Johnsen and Lohmann, 2008; Solov'yov and Greiner, 2008; 57 

Walker, 2008). In vertebrates, there is good support of the existence of such an IBMC 58 

compass system in the nasal region of rainbow trout (Oncorhynchus mykiss) (Diebel et al., 59 

2000; Walker et al., 1997) and in the skin of the upper beak and nasal region of a number of 60 

birds (Beason and Nichols, 1984; Fleissner et al., 2007; Fleissner et al., 2003; Hanzlik et 61 

al., 2000; Williams and Wild, 2001; Winklhofer et al., 2001). Several theoretical 62 

considerations support that IBMC can function as a magneto reception system with no 63 

major problems (Davila et al., 2003; Davila et al., 2005; Edmonds, 1992; Fleissner et al., 64 
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2007; Kirschvink and Gould, 1981; Kirschvink and Walker, 1985; Shcherbakov and 65 

Winklhofer, 1999; Solov'yov and Greiner, 2007; Solov'yov and Greiner, 2008; Walker, 66 

2008; Winklhofer et al., 2001; Yorke, 1979; Yorke, 1981; Yorke et al., 1985).  67 

The radical pair mechanism is hypothesized to consist of light induced radical pairs 68 

that due to their spin configuration obtain magnetic moments. The recombination of the 69 

radical pairs may then be affected by the orientation of the molecules relative to the Earth 70 

magnetic field (Ritz et al., 2000; Schulten, 1982; Schulten et al., 1986). Currently, the 71 

major candidate molecules are the cryptochromes which are known to serve functions 72 

mainly in circadian rhythms (Ritz et al., 2000; Sancar, 1999; Sancar, 2003). Many 73 

conditions must be met if such a reaction is going to be sensitive to the weak Earth 74 

magnetic field, but it may not be impossible and theoretical considerations support the 75 

principles of the radical pair mechanism as a basis for magnetoreception (Adair, 1999; 76 

Cintolesi et al., 2003; Efimova and Hore, 2008; Maeda et al., 2008; Rodgers and Hore, 77 

2009; Solov'yov and Schulten, 2009; Solov'yov et al., 2007; Wang et al., 2006; Weaver et 78 

al., 2000).  79 

The intriguing fact that the orientation response of many animals is indeed 80 

dependent on light has so far been taken as major support of the radical pair mechanism 81 

(for reviews see e.g. Johnsen and Lohmann, 2008; Wiltschko and Wiltschko, 2006; 82 

Wiltschko and Wiltschko, 2002). However, the observed light-dependency of orientation 83 

responses is rather complex and the experiments have left us with quite a puzzle to explain: 84 

depending on the wavelength and irradiance of monochromatic light the animals may orient 85 

in the normal expected direction, shift their orientation by 90�relative to that direction, 86 

orient towards some unexplainable fixed direction, or be completely disoriented in spite of 87 
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being perfectly able to see (Johnsen et al., 2007; Wiltschko and Wiltschko, 2006). Such 88 

complex responses do not follow directly from the radical pair mechanism. Furthermore, 89 

there are cases of both normal and shifted orientation responses at longer wavelengths 90 

(Muheim et al., 2002b; Wiltschko et al., 2004b) where cryptochromes have limited to no 91 

absorption (Johnsen et al., 2007) and there are cases of disorientation at wavelengths well 92 

within the cryptochrome’s absorption spectrum (Wiltschko et al., 2007a; Wiltschko et al., 93 

2003). Therefore, there might be an alternative explanation to the light-dependency.  94 

In addition to a magnetic compass many animals use celestial compass cues like the 95 

stars, the position of the sun, skylight polarization patterns and color gradients (Wiltschko 96 

and Wiltschko, 1999a). Obviously, a celestial compass involves vision and light. If such a 97 

sensory system is based on a system of photoreceptors that have different spectral 98 

sensitivities it may result in unexpected outputs in the highly unnatural stimulus of 99 

monochromatic light stimulates only subsets of the photoreceptors.  100 

Multiple compass cues show clear evidence of being integrated into a single general 101 

system and specific compass mechanisms are thought not to be entirely independent from 102 

others (Wiltschko et al., 1994). Here, a model is proposed that provides a very different 103 

alternative explanation of the light-dependent orientation responses in animals. The model 104 

is cue integration based on simple lateral inhibition between “compass neurons” in 105 

compasses of different sensory modes: a color gradient compass and a magnetic compass. 106 

The integration is proposed to normally serve to increase the reliability and precision of an 107 

overall compass (Wiltschko et al., 1994). With propositions on how a color gradient 108 

sensory system may work, the model can explain a great deal of the observed complex 109 

pattern of light dependent orientation responses. In addition, the model predicts, 110 
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surprisingly well, the concentration of the orientation responses (r-values) as a function of 111 

light wavelength or irradiance. Contrary to the current view of a dual magneto sensory 112 

system (IBMC and radical pair) the model parsimoniously suggests that animals have only 113 

a single magnetic field sensory system (most likely is based on IBMC) and gives the 114 

simplest explanation yet of the complex patterns of light-dependent orientation responses in 115 

animals. 116 

Methods 117 

First, simplified models of a magnetic and a color gradient compass will be 118 

proposed. Then an integration process between two such compasses will be put forward. 119 

Propositions will then be made on how such a color gradient compass might lead to 120 

misperceptions in monochromatic light of different wavelengths and irradiances. Finally, it 121 

will be demonstrated how the integration model behaves in monochromatic light when such 122 

an abnormal output of the color gradient compass is integrated with the normal output from 123 

an intact magnetic compass. 124 

A magnetic compass 125 

An orientation cue is some geophysical or celestial parameter that can be used for 126 

discriminating geographical directions. Let’s begin by assuming a strongly simplified 127 

hypothetical magnetic compass sensory system consisting of a circular array of compass 128 

cells with the axis of each cell body pointing in a different geographical direction (Fig. 1A) 129 

(as proposed by Deutschlander et al., 1999; Phillips and Borland, 1992a). A specific 130 

transduction mechanism is not essential to the model and several suggestions can be found 131 

elsewhere (see introduction for references). So let us just assume without any detail of a 132 
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transduction mechanism that the compass cells with their cell axis aligned parallel to the 133 

magnetic field lines along the magnetic North-South axis are maximally excited, resulting 134 

in maximal neural spike frequencies. Oppositely, the cells having their axes aligned along 135 

the East-West axis, perpendicular to the magnetic field, are minimally excited and fire with 136 

some spontaneous spike frequency. Thus there will be a non-uniform circular distribution 137 

of spike frequencies among the cells along all 360� that has its maximum along the 138 

magnetic North-South axis and minimum along the East-West axis. A simple non-uniform 139 

circular distribution is the elliptic form. Let us therefore assume that the spike frequencies, 140 

SF, as a function of geographical direction, �, follow a simple elliptic form and can be 141 

represented mathematically by a standard ellipse equation as:  142 

 143 

  (Equation 1) 144 

 145 

where the constants Amag and Bmag represents the average spike frequency along the 146 

maximal excited and the minimal excited axis respectively corresponding to the major and 147 

minor axis of an ellipse. In the following the major and minor axes A and B will be referred 148 

to as the major and minor compass axis, respectively. SF(�)mag can then be represented as 149 

radial values in a polar plot as shown innermost in Fig. 1A with the radius in any given 150 

direction corresponding to the average spike frequency of the cells with their axis pointed 151 

in that direction. Larger radial values correspond to higher spike frequencies. The spike 152 
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frequency in any given direction will be referred to as the radial spike frequency. The 153 

circular distribution of spike frequencies will be referred to as the directional firing pattern. 154 

A color gradient compass 155 

The position of the sun is an important cue used by many animals for orientation 156 

(see e.g. Wiltschko and Wiltschko, 1993). Scattering of the sunlight in the atmosphere 157 

results in polarization patterns, intensity, and color gradients that are all dependent on the 158 

position of the sun and can be used to reveal its position when it is not directly visible. The 159 

color gradients consist of an increased amount of long wavelength light relative to short 160 

wavelength/UV light in the direction of the sun and, oppositely, an increased amount of 161 

short wavelength/UV light relative to longer wavelengths in the anti-solar direction, 162 

whereas there is a more balanced distribution at an angle of 90o relative to the direction of 163 

the sun (Fig. 1B) (Coemans et al., 1994). Although it is known that key navigators like bees 164 

and ants are able to use color gradients for rather precise orientation (Rossel and Wehner, 165 

1984; Wehner, 1997), there has been surprisingly little focus on animal orientation by color 166 

gradients . Given the simplicity and apparent efficiency of color cues, it is thus not unlikely 167 

that color gradients are used by a wide number of animals for orientation including the 168 

passerine birds. A model color gradient compass may be based on a simple contrast 169 

between UV and long wavelength light:  170 

 171 

(Equation 2) 172 

 173 
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, in any given direction, is  the absolute difference between the spike frequency 174 

elicited by a UV photoreceptor mechanism, SFUV(�), and that of a long wavelength 175 

sensitive photoreceptor mechanism SFLW(�). SF(�)col would then be maximal (Acol) along 176 

the solar-anti solar axis (solar meridian) where the spectral contrast is maximal and 177 

minimal along the axis 90o relative to the solar meridian where the contrast is minimal 178 

(Bcol). Therefore, as for the magnetic compass, we will assume that there exists a circular 179 

array of color gradient compass cells which will show a simple elliptic form of the 180 

directional firing pattern (see Fig. 1B).  181 

It has been suggested that light in the blue or mid wavelength range may serve as 182 

some sort of reference color in a color gradient compass (Kinoshita et al., 2007). In that 183 

case Eq. 2, which will be returned to later, becomes: 184 

 185 

  (Equation 3) 186 

 187 

where SFSW-MW is the spike frequencies elicited by a photoreceptor mechanism in the short 188 

and/or mid wavelength range. A high input from the SW – MW range relative to both the 189 

UV and the LW range would then tend to inhibit the color compass spike frequency.  190 

Model compass integration 191 

Animals have a multitude of compasses based on the different celestial and 192 

geophysical cues and it is thought that these multiple compasses are closely integrated into 193 

an overall compass (Able, 1991; Wiltschko et al., 1994).  Lateral inhibition, where 194 
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neighboring neurons have a mutual inhibitory effect, is common in many sensory systems 195 

like for instance in vision contrast enhancement (Golden, 1996). Lateral inhibition is likely 196 

to occur in compass sensory systems too and could for instance function as a contrasting 197 

effect between cues ensuring that the most prominent compass cue in any given direction 198 

dominates. The current model will therefore assume that compass cues are integrated 199 

through lateral inhibition and the resultant integrated compass is assumed to be simply the 200 

absolute value of the difference in spike frequency of the two above compasses as a 201 

function of direction as shown in the following equation:  202 

 203 

 (Equation 4) 204 

 205 

Let us assume that the color gradient compass has an arbitrary major compass axis 206 

of 100 spikes/s along the geographical North-South axis, Acol = 100, and let us say that the 207 

minor compass axis, the spontaneous spike frequency, is approximately one third of this, 35 208 

spikes/s, along the East-West axis (Bcol = 35). Let us assume the hypothetical magnetic 209 

compass has the same spontaneous spike frequency of 35 spikes/s along the East-West axis 210 

(Bmag = 35) but because celestial cues appear to be dominant and preferred over magnetic 211 

cues (Mouritsen, 1998; Muheim, 2006; Wiltschko et al., 1994) the precision of the 212 

magnetic compass is assumed lower and the maximal spike frequency along the North-213 

South axis will be assigned to be, for instance, 70%  of the celestial compass (Amag = 70). 214 

Fig. 2A then shows the result of the integration (solid line; Eq. 4) of the color gradient 215 

compass (dashed line) and the magnetic compass (dotted line). As can be seen, the result of 216 
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the integration is a compass with a higher contrast between the North-South and East-West 217 

axes. Equally important, the compass that is maximally excited will dominate in a situation 218 

where there, for instance, is a moderate mismatch between the two compasses (Fig. 2B). 219 

For simplicity, the model does not consider time compensation for celestial rotation 220 

in the color gradient compass or declination between the color gradient compass and 221 

magnetic compass (i.e. declination = 0). The major compass axes of the two compasses will 222 

thus always be aligned and both compass cues point out the same North-South axis. The 223 

animal’s normal orientation is assumed to be towards that common compass North. North 224 

may be separated from South based on inclination in the magnetic compass (Wiltschko, 225 

1972), and for the color gradient compass, the solar direction may be separated from the 226 

anti-solar direction by its maximal content of long wavelength light under natural 227 

conditions. Finally, we will assume that the animals do not assess the cues from each 228 

compass separately in a normal orientation context and that they will uncritically orient 229 

along the axis of maximal excitation of the integrated compass only (this may be different 230 

in a calibration context). 231 

Behavior of color gradient compass in monochromatic light  232 

It follows from Eq. 2 that if the incoming light is monochromatic and excites 233 

predominately the UV or the LW mechanism, the radial spike frequency of the color 234 

gradient compass, SF(�)col, will be high but since the light comes from all directions, the 235 

directional firing pattern will be uniform and form a circle rather than an ellipse (i.e. Acol = 236 

Bcol; Fig. 1C). The higher the irradiance of monochromatic light exciting predominately one 237 

color detector, the larger the  difference in all directions and thus the higher 238 
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the radial spike frequency SF(�)col (i.e. larger radius of the circular directional firing 239 

pattern). Similarly, the more the wavelength of the monochromatic light skews towards and 240 

predominately excites one color detector over the other, the larger the  241 

difference and thus the higher the radial spike frequency SF(�)col.  In the following 242 

treatment, the term SF(�)col will be referred to as  as a reminder that the 243 

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

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

Behavior of integration in monochromatic light 246 

What happens if we do the integration with the uniform directional firing pattern 247 

suggested above?  Fig. 3A shows an initial case of compass integration where the 248 

monochromatic light is assumed to excite predominately one color detector but where the 249 

irradiance is low and results in a low radial spike frequency of the color gradient compass. 250 

Here there is little effect of the color gradient compass on the integrated compass and the 251 

animals will be expected to orient normally towards the North. As the irradiance of the 252 

monochromatic light increases the radial spike frequencies of the color gradient compass, 253 

, will increase.  At one point the integrated output will have four lobes and be 254 

equally excited in both the North-South and East-West direction and the animals will be 255 

expected to be disoriented (Fig. 3B). As the light irradiance increases further the East-West 256 

axis will start to dominate and the animals will be expected to shift their orientation by 90� 257 

(Fig. 3C). Then, as the light irradiance is increased further the animals will keep showing 258 

shifted orientation, but as can be seen, the precision of the compass will gradually degrade 259 
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and the orientation will be poorer and poorer until the animals finally show disorientation 260 

again (Fig. 3D-E).  An animated sequence of the integrated compass output as a function of 261 

the model color gradient compass input is shown in Supplemental Movie 1.   262 

A similar pattern of orientation responses is to be expected if we instead keep the 263 

irradiance of the monochromatic light constant and vary the wavelength.  There will be no 264 

output from the color gradient compass if, initially, the wavelength of the monochromatic 265 

light lies within a range where the input to the UV and long wavelength mechanism is 266 

balanced. However, if we then shift the wavelength of the monochromatic light towards the 267 

sensitivity of the UV or the LW receptors, then the radial frequency,  , will 268 

increase.  Therefore, the more the wavelength of the monochromatic light moves towards 269 

the spectral sensitivity of the UV or the long wavelength receptors, the more the radial 270 

spike frequencies, , increase and (if the irradiance is high enough) we will expect 271 

to observe the exact same sequence of orientation responses going from normal (Fig. 3A), 272 

to disoriented (Fig. 3B), to a 90� shift (Fig. 3C), and again towards disoriented (Fig. 3D-E).  273 

Model predictions of a mosaic pattern of orientation responses  274 

It has now been shown how the hypothetical integration process is influenced as a 275 

function of the relative excitation level of the color gradient compass photoreceptors. Let us 276 

now consider what categories of orientation responses the model predicts to be distributed 277 

around the spectral sensitivities of the color detectors as a function of both wavelength and 278 

intensity of the light.  Let us assume that we have a color gradient compass of the type 279 

proposed above with a UV and a LW detector (Fig. 4).  Let us first assume that animals in 280 
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an orientation test are placed under illumination of monochromatic light of constant 281 

wavelength close to the peak spectral sensitivity of either the UV or long wavelength 282 

detectors (arrows 1).  Under very low irradiances the output from the color gradient 283 

compass will be minimal and not affect the orientation (black “N”). As the irradiance is 284 

increased the animals will show the predicted sequence of orientation responses (c.f. Fig. 3 285 

and see above) going from normal orientation, to disorientation (light gray “D”), to 90� 286 

shift (darker grey “S”), and towards disorientation again. Oppositely, if the wavelength of 287 

the monochromatic light lies between the peak spectral sensitivities of the UV and LW 288 

detectors in a range where they are equally excited, then  will be constantly low 289 

and the orientation will stay normal and independent of irradiance (arrow 2).  290 

Let us instead keep the irradiance constant and vary the wavelength (double arrow 291 

3). If the wavelength is at first kept between the UV and LW receptors (middle of arrow 3) 292 

the orientation will be normal as mentioned above, but as we change the wavelength 293 

towards either the UV or LW detectors then these will start being increasingly excited 294 

relative to the other detector and the model predicts an identical sequence of orientation 295 

responses with responses going from normal, to disoriented, to shifted, and back to 296 

disoriented. 297 

The further the wavelength of the monochromatic light is placed towards the 298 

spectral sensitivity of the UV or LW detectors, the lower the irradiance of the 299 

monochromatic light is necessary to excite that detector a certain amount relative to the 300 

other detector. We will therefore expect that the further the wavelength of the 301 

monochromatic light is skewed towards the spectral sensitivity of one of the detectors, the 302 
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lower the irradiance is necessary to elicit a given orientation response and the response 303 

sequence (N� D � S � D) will start at lower and lower irradiances. This is illustrated by 304 

arrows 4 where, if we for instance fix the attention to the shifted orientation response (S), 305 

we will expect this particular response to occur at lower and lower irradiances as we go 306 

towards the spectral sensitivity of the UV or LW detectors. The proposed relationship 307 

between orientating responses and the absorption spectra of the detectors is highly 308 

suggestive and the exact relationship must depend on factors like the specific form of the 309 

detector’s absorption spectra, the relative sensitivity of the detectors, and the overlap 310 

between the detectors.  311 

Predictions on the concentration of orientation (r-value) 312 

The r-value is used in circular statistics as a measure of the concentration of 313 

individual headings around the mean direction (Batschelet, 1981). An r-value of 1 indicates 314 

that the experimental animals are all headed in the exact same direction. An r-value of 0 315 

indicates that the animals were totally disoriented and headed with equal probability 316 

towards any direction. The precision by which a group of animals head towards a common 317 

goal must strongly depend on the precision of their available compasses. It is fair to assume 318 

for our hypothetical array of compass neurons that the more excited the cells coding the 319 

North-South axis are relative to the cells coding the East-West axis, the more precise the 320 

overall compass works and the better the animals are expected to be oriented. A common 321 

measure of the relative sizes of the axes in an ellipse is the eccentricity. The eccentricity for 322 

a compass will be termed the compass eccentricity, �c, and is defined as follows: 323 

 324 
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  (Equation 5) 325 

 326 

Ac and Bc are the major and minor compass axes of the given compass (see above). The 327 

eccentricity varies between 0 and 1 with 0 indicating a circle and 1 an extreme oval form. A 328 

compass is useless in pointing out directions and cause disorientation and r-values near 0 329 

when the major and minor compass axes are equal  and �c = 0 and will have an 330 

optimal precision and cause strong directional headings with r-values near 1 when  331 

and �c goes towards 1. Thus we expect r-values and compass eccentricities to be highly 332 

correlated. 333 

Fig. 5 shows how the compass eccentricity of the integrated compass changes as a 334 

function of  (calculated as in Fig. 3 with Amag = 70 and Bmag = 35 for the magnetic 335 

compass). Fig. 5 also contains references to each of the examples in Fig. 3 (A-E) where the 336 

directional firing pattern of the integrated compass can be seen for comparison. It should be 337 

noted that the directional firing pattern of the integrated compass is obviously more 338 

complex than the elliptic form and the compass eccentricity, which is defined for an ellipse, 339 

strictly does not apply. However, this treatment seems quite adequate for the current 340 

purpose and still gives a good measure of the contrast between the North-South and East-341 

West axis of the compass. 342 
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Fitting compass eccentricity to observed r-values 343 

As mentioned above the compass eccentricity, �c, is expected to be highly correlated 344 

with r-values and it is predicted that r-values in the literature will follow a similar pattern to 345 

that of the compass eccentricity in Fig. 5. Therefore, in the following, fits of Eq. 5 as a 346 

function of  will be made to r-values in the literature. However, in practice there 347 

is a problem in the fact that the compass eccentricity in Eq. 5 cannot easily be used as a 348 

fitting function in a simple mathematical way because when the integration compass shifts 349 

90� as Bint > Aint we end up with the square root of a negative number. To solve this, the 350 

following equation has been developed which does not have that problem and comes very 351 

close to the conventional eccentricity measure: 352 

 353 

   (Equation 6) 354 

 355 

The parameter 0.314 was found by iterative fitting of Eq. 6 to curves of Eq. 5 (see Fig. A1 356 

in the appendix).  357 

Scaling along both the abscissa and ordinate is necessary in order to fit the 358 

theoretical compass eccentricities to the wavelength and irradiance data ranges of the real r-359 

values. This will be done by including some simple scaling parameters to Eq. 6. It turns out 360 

that scaling along the abscissa provides a better fit to the irradiance and wavelength scale 361 

when this is done by exponential transformation whereas it suffices with simple 362 
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multiplication along the ordinate. Therefore, the literature data will be fitted by the 363 

following equation: 364 

 365 

 (Equation 7) 366 

 367 

The parameter n is then the linear multiplication factor for scaling along the ordinate and k 368 

and m are the parameters for exponential scaling along the abscissa. The parameters of the 369 

model magnet compass were kept constant during the fitting procedure with Amag = 70 and 370 

Bmag = 45. These constant values of the magnetic compass seemed to give the best fits and 371 

were determined initially through fitting procedures with Bmag as an additional parameter. 372 

The effect of changing the various fitting parameters is shown in Fig. A2 of the appendix.  373 

As an indication of the goodness of fit the adjusted correlation coefficient Radj is 374 

reported in the results. Radj compensates for the number of parameters and the replication 375 

and is lower than the standard correlation coefficient (Zar, 1996). P-values (F-test) of the 376 

significance of the overall fit are also reported. It is important the reader keep in mind that 377 

although Eq. 7 may look involved it represents in reality a simple measure of the 378 

eccentricity (Eq. 5/6) stretched or shrunk along both axes to adapt to and fit the range of 379 

real r-values. The fitting procedure was performed in Origin 8 Pro with Eq. 7 added as a 380 

custom non-linear function.  381 

Results 382 
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Categorical orientation responses 383 

Fig. 6 shows the three categorical orientation responses (normal, shifted, and 384 

disorientation) reported in the literature as a function of wavelength and irradiance. Cases 385 

of normal orientation are shown with black triangles, cases of shifted orientation are shown 386 

as open diamonds with a cross line, and cases of disorientation are shown as open circles. 387 

Overlapping data is shown by a cross at the original data point and the number of actual 388 

data is shown as dots on both sides of the cross. Fixed uni-modal responses has been taken 389 

as shifted orientation if they deviated from the normal direction by more than 45° and as 390 

normal if they deviated by less.  391 

The arrows 1 – 4 in Fig. 6 suggest the very same trends exist in the real orientation 392 

data as those predicted by the model (c.f. Fig. 4; for ease of reference with Fig. 4 the arrows 393 

in Fig. 6 have been given the same categorical numbers (1-4)). Let us first look at cases 394 

where the wavelength is constant and the irradiance is changed. Along the right arrow 395 

assigned “1” around 565 nm the birds were seen to be predominately normally oriented 396 

below 20 · 1015 quanta/m2/s, between 20 and 35 · 1015 quanta/m2/s they were predominantly 397 

disoriented, from 35 to 55 · 1015 quanta/m2/s the birds were mainly shifted in their 398 

orientation, and at approximately 70 · 1015 quanta/m2/s there was both a case of expected 399 

disorientation and a single case of normal orientation not explainable by the model. 400 

Similarly, along the left arrow marked “1” at 424 nm the birds were normally oriented 401 

around 10 · 1015 quanta/m2/s, predominantly disoriented between approximately 30 and 40 · 402 

1015 quanta/m2/s, then shifted in orientation just above 40 · 1015 quanta/m2/s, and 403 

disoriented again around 55 · 1015 quanta/m2/s but a case of normal orientation around 70 · 404 

1015 quanta/m2/s not explainable by the model. In contrast, in tests around 500 nm the birds 405 
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showed normal orientation at all intensities from just below 10 · 1015 quanta/m2/s up to 70 · 406 

1015 quanta/m2/s with just a single deviant case with shifted orientation (arrow 2; c.f. Fig. 407 

4). 408 

Now let us keep the irradiance constant and see what the data show when the 409 

wavelength is changed. Along the lowermost arrow assigned “3” in Fig. 6 at irradiances 410 

around 10 · 1015 quanta/m2/s it can be seen that from around 500 to 565 nm the orientation 411 

responses were predominantly normal, then around 590 nm the birds were all disoriented, 412 

at approximately 620 nm they were shifted 90° in their orientation, and between 625 and 413 

650 nm they were again predominately disoriented. Along the upper arrow assigned “3” at 414 

an irradiance round 45 · 1015 quanta/m2/s the birds predominately showed normal 415 

orientation around 500 nm, there was no disorientation (possibly because of lacking data), 416 

but around 565 nm the birds were predominately shifted in their orientation, and around 417 

600 nm and upwards the birds were disoriented. The two arrows marked “4” both suggest 418 

that the sequence of orientation responses were skewed towards lower irradiances when 419 

going from around 425 nm to 375 nm or from around 565 nm to around 625 nm as 420 

predicted by the model (see above and Fig. 4). In conclusion, the passerine literature shows 421 

a rather strong overall correlation in its pattern of orientation responses as a function of 422 

both wavelength and irradiance to those predicted by the model. 423 

A predicted sequence of shifts in categorical orientation responses at a constant 424 

irradiance of 45 · 1015 quanta/m2/s (except 22 · 1015 quanta/m2/s at 400 nm) was also seen 425 

in data from the red-spotted newt (Tab. 1). The newts changed from normal orientation at 426 

400 and 450 nm to disorientation at 475 nm and finally a 90o shift at 500 nm. The data is 427 
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too sparse in the other species shown in Tab. 1 to take into consideration, but does not 428 

disagree with the model. 429 

Concentration of orientation 430 

Fig. 7 shows how r-values from the literature changed with irradiance at constant 431 

wavelengths (Fig. 7A-B) or with wavelength at approximate constant irradiances (Fig. 7C-432 

D). Averages with standard deviation error bars are shown in cases where more than one 433 

data point was available, but all fits were performed on individual data points (sample size 434 

N is given in the figures). At a constant wavelength of 424 nm the cue integration model 435 

showed a good fit to available r-values with an Radj value of 0.81 and p = 0.0004 (Fig. 7A). 436 

The point in the normal orientation category at highest irradiance (in brackets) seems to be 437 

a significant outlier both in value and orientation category and it was excluded from the 438 

analysis. Including the outlier gives the statistics Radj = 0.47 and p = 0.04 which still is 439 

significant, but not surprisingly with a much lower Radj value. There is evidence that 440 

polarization cues and possibly the correlated color gradients can be suppressed at high 441 

irradiances (Kinoshita et al., 2007) and in such case, the model would actually predict 442 

normal orientation. At a constant wavelength of 565 nm there was good fit of the model to 443 

the r-values with Radj = 0.74 and p < 0.0001 (Fig. 7B). Again, the outlier at high irradiance 444 

was excluded with the same argument as above. Inclusion of the outlier results in the 445 

alternative statistics Radj = 0.67 and p < 0.0001 which still is a rather good overall fit. At 446 

approximate constant irradiances a good fit was shown at an irradiance between 6 – 14 · 447 

1015 quanta/m2/s with Radj = 0.93 and p < 0.0001 (Fig. 7C) and at an approximate constant 448 

flux of 43 – 54 · 1015 quanta/m2/s with Radj = 0.74 and p < 0.001 (Fig. 7D).  449 
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Data was also available for the red-spotted newt at a constant irradiance of 45 · 1015 450 

quanta/m2/s (except 22 · 1015 quanta/m2/s at 400 nm). If the outlier at 600 nm was included 451 

in the analysis the fit is poor with = - 0.34 and p = 0.016 ( is negative if the fit is 452 

very poor and the residual mean squares are larger than the total mean square (Zar, 1996)). 453 

If the outlier was masked from the analysis a fair fit is obtained with Radj = 0.77 and p = 454 

0.004. Since the latter analysis is more informative the summary of this analysis was 455 

included in Fig. 7E. 456 

Finally, since the fitting procedure was done by simple scaling of a fixed curve 457 

form, each data point can be transformed back into the numerical domain of the model 458 

(spikes/s) independent of whether the data point originally is a function of irradiance or 459 

wavelength. This way, the overall fit of the model to all available literature data points can 460 

be assessed. As can be seen in Fig. 7F, the summarized overall fit to the total data was quite 461 

remarkable, in spite of the fact that the data were from different bird species, different 462 

studies, and/or originated as a function of irradiance or wavelength. Running a fit on the 463 

total data set gives a Radj = 0.94 and p << 0.0001.  464 

Spectral correlations 465 

If the underlying visual compass is a color gradient compass we would expect 466 

disorientation and 90o shifts in both the UV (or near UV) and longer wavelengths. In birds 467 

(were most data is present) this is the case and in general fits a model based on color 468 

gradient very well. The photoreceptors involved in passerines may be the UV sensitive 469 

(UVS) cones and/or possibly the short wavelength sensitive (SWS) for the UV/near UV 470 

mechanism (spectral sensitivities of typical passerine photoreceptors are shown in Fig. 6). 471 
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The LW mechanism may be mediated by the mid wavelength sensitive (MWS), double 472 

cones (DC), and/or long wavelength sensitive cones (LWS). If there is a reference color, 473 

the SWS, MWS, and/or rods seem to be possible candidates.  474 

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

compass since orientation shifts are mainly observed in the MW-LW with no observations 476 

near the UV (Table 1). However, the newt has not been as extensively studied with several 477 

different irradiances as with the passerine birds, where it is evident, that very different 478 

results are to be expected at different irradiances. Tests with higher irradiance and further 479 

down in the UV may thus reveal patterns that allow a better comparison. Orientation by 480 

color gradients has already been documented in insects and they would provide good test 481 

animals for the model. Unfortunately, the light dependent orientation response data 482 

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

any meaningful statements.  484 

Discussion 485 

The current cue integration model explains the complex light-dependent orientation 486 

responses surprisingly well and provides an important alternative to the radical pair 487 

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

magnetic reception hypotheses (radical pair and magnetite) into one simple hypothesis that 489 

parsimoniously points to a single magneto-reception mechanism (probably based on IBMC) 490 

which through an integration process with a celestial compass can be interfered with by 491 

light. The literature data support the proposed cue integration model very well: the 492 

predicted sequence of categorical orientation shifts as a function of both irradiance and 493 
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wavelength match closely to those observed in the literature (Fig. 6) and model predictions 494 

on the concentration of orientation as a function of both irradiance and wavelength fits 495 

surprisingly well with observed r-values (Fig. 7).  496 

Model performance 497 

Although it has great explanatory power the model is crude in its current form. It 498 

has for instance a problem if both cues happen to be equal in all directions since the 499 

integration here will cancel to zero. Future elaborations are necessary if the model can be 500 

validated, but inappropriate to address further at the current stage. The model is very robust 501 

and will give very similar predictions and good fits within a wide range of the parameters 502 

Amag, Bmag, and  that are far from limited to the arbitrary ones used. The model is 503 

not dependent on the elliptic form of  and will give very similar results with 504 

integration between any elongated form and the uniform circular distribution of . 505 

The model is based on an assumption of lateral inhibition. Pragmatically, lateral inhibition 506 

is more complicated than simple subtraction (Golden, 1996). However, the model is robust 507 

and as long as the lateral inhibition function is linear and uniform in all geographical 508 

directions the same overall model pattern will emerge and result in similar predictions.  509 

Future test of model validity 510 

In the following I will present some suggestions on how to test the cue integration 511 

model with focus on the passerine birds. Unfortunately, since the presence and nature of a 512 
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color gradient sensory system is unknown in vertebrates it is difficult to suggest any direct 513 

test of the model.  514 

The presence of a color gradient compass 515 

First of all it will be important to establish if birds sense and are able to orient by 516 

skylight color gradients. This should be relatively easy to establish for instance by placing 517 

birds in the traditional test funnels covered by a frosted dome and set up color gradients by 518 

differential illumination. However, great care must be taken to exclude intensity cues 519 

(Coemans and Vos, 1992). The magnetic field has to be cancelled by Helmholtz coils to 520 

eliminate it as a compass cue.  521 

Illumination with two or more monochromatic sources 522 

The idea of testing birds in illumination by two or more different monochromatic 523 

light sources is a good one (Wiltschko et al., 2004a). Unfortunately, the results of 524 

Wiltschko et al (2004a) are difficult to interpret and the birds behaved different in autumn 525 

and spring. However, such types of experiments could be done to address some key 526 

characteristics of the cue integration model. There seems to be at least three different 527 

possible constitutions of a color gradient compass: 1) a compass that works without a 528 

reference color and is a simple UV/LW antagonism (Eq. 2; compass 1 in Tab. 2). 2) A 529 

compass that has UV/LW antagonism but uses a color in the SW-LW range as a reference 530 

(Eq. 3; compass 2 in Tab. 2) . 3) A color gradient compass with no UV/LW antagonism 531 

and with a color in the SW-MW range as a reference (compass 3 in Tab. 2): 532 

 533 
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 (Equation 8) 534 

 535 

 (Equation X)The three different compasses will predict different 536 

experimental outcomes in the mixed color conditions as shown in Tab. 2: Experiment 1a: 537 

the initial condition in Exp. 1a is at a constant irradiance in the UV (around perhaps 375 538 

nm) high enough to elicit disorientation (the final stage of disorientation (end of arrows 1 in 539 

Fig. 4)). This is probably occurring at a constant illumination of 20 – 30 · 1015 quanta/m2/s. 540 

In case of compass 1 and 2 the UV/LW antagonism will increasingly counteract each other 541 

as the LW irradiance (~625 nm) is increased and the orientation will be predicted to change 542 

from disorientation into shifted orientation, to disorientation, and eventually when the UV 543 

and LW color antagonism cancel each other, the orientation becomes normal. The normal 544 

orientation is therefore expected to happen when the sensitivity of the LW mechanism 545 

(SLW) approximates that of the UV mechanism at 20 – 30 · 1015 quanta/m2/s (SUV.20-30) and 546 

will give an estimate of the relative sensitivities of the UV and LW mechanisms. In the case 547 

of compass 3 with no UV/LW antagonism the orientation response is expected to be 548 

constant disorientation. Experiment 1b: in case of compass 1 and 2 the opposite sequence 549 

of orientation responses (N � D � S � D) of Exp. 1a is expected to be observed as the 550 

LW irradiance is increased from SLW = SUV.20-30 to SLW = 2·SUV.20-30 (given the system is 551 

linear). However, disorientation is again expected throughout for compass 3. Experiment 552 

2: in case of compass 1 and 2, the initial condition here is the one found in Exp. 1 where the 553 

sensitivity of the LW mechanism is the same as that of the UV mechanism at 20 – 30 · 1015 554 

quanta/m2/s (SLW = SUV.20-30) and the orientation is normal. If the irradiance in the SW-MW 555 
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range (~500 nm) is increased the orientation will stay normal for compass 1 and 2 since the 556 

UV and LW mechanisms will always be cancelled out. However, for compass 3 with no 557 

UV/LW antagonism, the orientation will be expected to be disorientation in the initial 558 

condition, but expected to show a D � S � D � N sequence of orientation responses as 559 

the increasing SW-MW irradiance increasingly reduces  (obviously it is not 560 

possible to establish SLW = SUV.20-30 as with compass 1 and 2 for compass 3, and here, an 561 

illumination of 15 · 1015 quanta/m2/s in both the UV and LW will probably be suitable and 562 

result in disorientation). Experiment 3: here all compasses are predicted to show an initial 563 

orientation response of disorientation. As the SW-MW irradiance is increased compass 1 564 

predicts constant disorientation since it has no reference color and the UV/LW contrast will 565 

stay constant. Oppositely, compasses 2-3 with reference detectors will be expected to show 566 

the D � S � D � N sequence. Experiment 4: seems trivial and will not help separate the 567 

compasses, but predicts that the typical normal orientation observed at irradiances of, for 568 

instance, 15 quanta/m2/s (Fig. 6) is not due to a mechanism that depends on this wavelength 569 

to function for normal magneto reception and that once saturated will continue to function 570 

normally regardless of the presence of other wavelength light (as would be the logical 571 

consequence of a cryptochrome based radical pair magnetic compass), but is part of a 572 

system that is dependent on the relative balance between wavelengths as is the case in the 573 

proposed cue integration model.  574 

As follows from the above and Tab. 2, performance of Exp. 1-4 can help establish 575 

whether or not a group of test birds will show behaviors that are consistent with the model 576 

predictions. Although it may not provide direct evidence, positive results will strongly 577 
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support the cue integration model. Especially so if the existence of a color gradient 578 

compass can be demonstrated at the same time. Exp. 1-3 will help determine what type of 579 

compass (1-3) lies behind the integration process. 580 

A possible role of a polarization compass? 581 

Although the simplicity of the color gradient compass highly favors it as the major 582 

candidate in the model, there is a theoretical possibility of an alternative role of a 583 

polarization compass which deserves mentioning. In polarization sensitivity two 584 

orthogonally oriented polarization receptors and a luminosity detector is sufficient to 585 

determine the three important factors: total intensity (I), e-vector orientation (�) and degree 586 

of polarization (d) (Bernard and Wehner, 1977; Flamarique and Hawryshyn, 1998; Wehner, 587 

1983; Wehner et al., 1975). If the detectors have separate spectral sensitivities, a compass 588 

based on the degree of polarization and/or e-vector orientation may lead to misperceptions 589 

similar to those proposed for the color gradient compass. In support of this, polarization 590 

vision in many animals may not always be entirely independent of color. In vertebrates, 591 

some fishes show clear evidence of the use of different color sensitive cones (UV and LW 592 

sensitive) in polarization vision (Cameron and Easter, 1993; Coughlin and Hawryshyn, 593 

1995; Hawryshyn and McFarland, 1987; Parkyn and Hawryshyn, 1993), although here, it 594 

has been concluded that color is unlikely to confound with polarization sensitivity 595 

(Ramsden et al., 2008). In invertebrates, Daphnia pulex show wavelength dependent 596 

polarization vision and shift their orientation 90� relative to the normal angular direction in 597 

polarized light of wavelengths above 570 nm, they are disoriented in polarized light of 598 

wavelengths above 515 nm, whereas they keep their orientation normal in polarized light of 599 
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wavelengths above 455 nm (Flamarique and Browman, 2000). In the locust (Schistocerca 600 

gregaria) polarization sensitive neurons respond differently to both unpolarized UV and 601 

green light, and polarized blue light indicating different roles of spectrally different units in 602 

polarization related vision (Kinoshita et al., 2007). Papilio butterflies show polarization 603 

vision that is dependent on colors and anatomical and physiological data has been pointed 604 

out to suggest an interdependence of polarization and color vision in other species like 605 

Pieris and Nymphalid butterflies, tabanid flies (Tabanidae), ladybirds (Coccinella 606 

septempunctata), and Waterstriders (Gerris palludum) (Kelber et al., 2001). 607 
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// Dear editors and reviewers. The appendix consist of no text and only of two 621 

figures (figures texts are below) that I think is an important elaboration on technical parts 622 

of the fitting procedure to convince the reader that the fitting is in principle very simple and 623 

that the parameters does not change the curve form per se.// 624 

 625 

Figure A1: Comparison of the traditional eccentricity (Eq. 5) and the modified eccentricity 626 

(Eq. 6). As can be seen the two curves come very close. The modified eccentricity was 627 

introduced to automate and improve the fitting procedure by avoiding problems with square 628 

roots of negative numbers when the model orientation shifts by 90�. The modified 629 

eccentricity equation may prove especially helpful in future experiments when more data is 630 

available or data is collected aimed at direct tests of the model so that fits can be made to 631 

evaluate model parameters in a more precise way. 632 

 633 

Figure A2: Demonstrates how various parameters of the modified eccentricity fitting 634 

equation affect the fitting curve. A) The parameter k of Eq. 7 mainly shifts the curve along 635 

the abscissa without compressing the curve much. B) The parameter m mainly compresses 636 

the curve so that for instance the slope of the decreasing eccentricity at the end of the curve 637 

increases. C) The parameter n scales the curve along the ordinate. D) Given that Amag is 638 

fixed the parameter Bmag determines the eccentricity and precision of the model magnetic 639 

compass itself (see Eq. 1 & 6) and determines the eccentricity at = 0.  640 

Table and Figure Legends 641 
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Table 1: Light-dependent orientation responses in non-passerine birds, amphibians, and 642 

insects. N = normal orientation towards an expected and meaningful direction, D = 643 

disorientation, S = shifted orientation 90° in relation to the normal orientation. The 644 

wavelength of the monochromatic light is shown at the top and the numbers show the 645 

irradiance in 1015 quanta/m2/s. (Data taken from Freake and Phillips, 2005; Phillips and 646 

Borland, 1992a; Phillips and Borland, 1992b; Phillips and Sayeed, 1993; Vacha et al., 647 

2008; Wiltschko and Wiltschko, 1998; Wiltschko et al., 2007b). 648 

 649 

Table 2: Expected orientation responses predicted by the cue integration model in different 650 

orientation tests with illumination by two to three different monochromatic light sources. 651 

See text for details. 652 

    653 

Figure 1: Hypothetical model compasses. A) A hypothetical magnetic compass consisting 654 

of a circular array of cells. Cell spike frequency is coded by gray scale such that the darker 655 

the cell the more excited it is. The directional firing pattern (see text) is represented 656 

mathematically as radial plots of spike frequencies forming an ellipse (middle). B) A 657 

simplified 2D hypothetical color gradient compass. The compass consists of a circular array 658 

of cells receiving input from photoreceptors that sample the horizon around all 360�. 659 

Scattering of sunlight on the atmosphere result in a skylight color gradient with a relative 660 

high amount of long wavelength light in direction of the sun (light grey part of the 661 

outermost circle) and a relative high amount of UV light (or shorter wavelengths in general) 662 

in the anti solar direction (dark grey part of the outermost circle). In the solar and anti solar 663 

direction (solar meridian) the difference in the irradiance of long wavelength and UV is 664 
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therefore greatest. This difference is assumed to excite the compass cells (see text) and the 665 

cells aligned along the solar meridian are therefore maximally excited whereas there’s a 666 

minimal excitation in directions 90 relative to the solar meridian. The directional firing 667 

pattern is therefore represented as an ellipse (middle) like in A. (grayscale code of compass 668 

cells as in A). C) If the hypothetical compass sensory system in B is placed in 669 

monochromatic light within a wavelength that specifically excites the long wavelength or 670 

UV detectors only, the sensory system will perceive a large difference in long wavelength 671 

and UV light in all directions all units will be highly excited (all units are dark gray). The 672 

resultant directional firing pattern is thus forming a circle rather than an ellipse. 673 

 674 

Figure 2: Model integration (solid line) between the hypothetical magnetic compass 675 

(dotted line) and the hypothetical color gradient compass (dashed line). Major and minor 676 

compass axes are arbitrarily set to 70 spikes/s and 35 spikes/s, and 100 spikes/s and 35 677 

spikes/s for the magnetic and color gradient compass, respectively (see text). A) The 678 

integration leads to a compass with a higher contrast between the North-South and East-679 

West axes. B) If, for instance, the two cues are misaligned (here by 15o) the hypothetical 680 

integration compass will show a clear direction along the axis of the most prominent cue. 681 

 682 

Figure 3: The outcome of the integration process in monochromatic light at different radial 683 

spike frequency values, , of the color gradient (dashed line). Dotted line = 684 

magnetic compass, solid line = integrated compass. A) At low input ( ) into 685 

the color gradient compass (e.g. low intensity of the monochromatic light; see text) there is 686 



Acc
ep

te
d m

an
usc

rip
t 

33 

 

only a little effect and the animals are still normally oriented. B) As the input increases 687 

( ) the resultant integrated compass has significant lobes along both axes 688 

presumably resulting in disorientation. C) As the input further increases ( ) 689 

the East-West axis starts dominating and the result is a 90� orientation shift of the animals. 690 

D-E) The more the input into the color gradient compass increases from here 691 

(  and ), the more the contrast between the East-West and North-South 692 

axis deteriorates and the animals will be expected to show disorientation again. 693 

 694 

Figure 4: Categorical orientation responses as a function of light wavelength and 695 

irradiance. The model predicted orientation responses are outlined together with 696 

hypothetical absorption spectra (thick solid lines) of the hypothetical color gradient system 697 

assumed to be consisting of UV and LW sensitive detectors. The arrows show predictions 698 

of sequences of orientation responses. N = normal orientation, D = disorientation, and S = 699 

shifted orientation. See text for details. 700 

 701 

Figure 5: Model predicted changes in eccentricity (Eq. 5) of the integrated compass as the 702 

circular excitation of the color gradient compass, , increases. The higher the 703 

eccentricity, the better the integrated compass points out directions. Shown are also 704 

references to Fig. 3 in which the corresponding directional firing pattern of the integrated 705 

compass can be seen. Solid line = predicted normal orientation, dotted line = predicted 706 



Acc
ep

te
d m

an
usc

rip
t 

34 

 

disorientation, and dashed line = predicted shifted orientation. Calculated with Amag = 70 707 

and Bmag = 35. 708 

 709 

Figure 6: The literature data on orientation responses of passerines under monochromatic 710 

light of different wavelengths and irradiances. Shown is also the normalized photon catches 711 

of visual cones from a representative passerine, the blue tit (Parus caeruleus), including oil 712 

droplet absorption (UVS = ultraviolet sensitive cones, SWS = short wave sensitive cones, 713 

MWS = mid wave sensitive cones and LWS = long wave sensitive cones). The normalized 714 

absorption spectrum of rods (RODS) and the LWS pigments present in double cones (DC; 715 

double cones generally lack oil droplets) are also shown. Shifted orientation (open 716 

diamonds with a cross line) includes both observed 90° shifted bimodal orientation and 717 

unimodal so-called “fixed orientations” of these deviated 45° or more from the normal 718 

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

common origin shown with a cross. The numbered arrows indicate trends of orientation 720 

shifts that were predicted by the model as shown in Fig. 4. Vision data for single cones was 721 

taken from Hart and Hunt (2007). Double cone absorption spectrum was calculated from 722 

Govardovskii et al (2000) with no oil droplet correction. Orientation data was taken from 723 

(Stapput (2006) doctorial thesis data referenced in: Johnsen et al., 2007; Muheim et al., 724 

2002a; Munro et al., 1997; Rappl et al., 2000; Wiltschko et al., 2007a; Wiltschko et al., 725 

2005; Wiltschko et al., 2008; Wiltschko and Wiltschko, 1995b; Wiltschko and Wiltschko, 726 

1999b; Wiltschko and Wiltschko, 2000; Wiltschko and Wiltschko, 2001; Wiltschko and 727 

Wiltschko, 2002; Wiltschko and Wiltschko, 2005; Wiltschko et al., 2000; Wiltschko et al., 728 
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2001; Wiltschko et al., 1993; Wiltschko et al., 2003; Wiltschko et al., 2004a; Wiltschko et 729 

al., 2004b). 730 

 731 

Figure 7: Model fits of compass eccentricity to literature r-values at wavelengths or 732 

irradiances where adequate data were available. Statistics of the fits are summarized in each 733 

figure (see methods for details). Compass eccentricity fitted to literature r-values of birds as 734 

a: A) function of irradiance at a constant wavelength of 424 nm. B) function of irradiance at 735 

a constant wavelength of 565 nm. C) function of wavelength within a constant range of 736 

irradiances between 6 – 14 · 1015 quanta/m2/s. D) function of wavelength within a constant 737 

range of irradiances between 43 – 54 · 1015 quanta/m2/s. E) Compass eccentricity fitted to 738 

literature r-values of red-spotted newts  as a function of wavelength at a constant 739 

irradiances of 45 · 1015 quanta/m2/s (except 22 · 1015 quanta/m2/s at 400 nm). F) Summary 740 

of all fits to the bird data. Each data point was transferred back into the numerical domain 741 

of the model by a transformation based on the values of the parameters n, k, and m of the 742 

fitting curve. 743 
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