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same clutches have similar appearance and further, visual models suggest that males can 

perceive differences in color and luminance between clutches. Also, there was a link between 

eggshell color and female and chicks condition. However, males did not adjust the amount of 

their provisioning effort to eggshell pigmentation. Therefore, we did not find support for the 

idea that eggshell pigmentation acts as a signal affecting investment of males in the red-backed 

shrike. These results highlight the importance of a complex approach when testing the SSEC 

hypothesis. 
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Tables and Table Legends 

Table 1. Median and interquartile range (IQR) of chromatic and achromatic contrasts for pairwise comparisons 

between eggs of the red-backed shrike Lanius collurio. Pairwise comparisons were calculated for pairs of eggs 

from the same clutches (within clutches) and pairs of eggs from different clutches (between clutches), separately 

for eggshell background and for spots. Visual model of the blue tit Cyanistes caeruleus was used. 

Part of egg Type of comparison 
Chromatic contrast Achromatic contrast 

median IQR median IQR 

background between clutches 1.872 1.800 2.265 2.813 

background within clutches 0.508 0.658 1.133 1.354 

spots between clutches 2.083 2.031 2.922 3.556 

spots within clutches 0.540 0.580 1.189 1.469 
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Figure 1. A) Comparison of average chromatic contrast for pairs of eggs from the same clutches (blue boxplots) 

and from different clutches (red boxplots). B) Comparison of average achromatic contrast for pairs of eggs from 

the same clutches (blue boxplots) and from different clutches (red boxplots). Contrasts for background and spots 

were calculated separately. Units for y-axes are Just Noticeable Differences (JNDs). Horizontal dashed lines 

indicate JNDs = 1, a threshold above which the contrast is considered to be perceived by a receiver. Numbers 

above plots indicate percent of pairs of eggs in a given group for which contrast values were >1 JNDs. In both 

cases, the visual model of the blue tit Cyanistes caeruleus was used. 
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Figure 2. Difference between pattern energy spectra of eggs from different clutches (red boxplot) and the same 

clutches (blue boxplot) for the visual model of the blue tit Cyanistes caeruleus. 
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Figure 3. A) The relationship between average condition (Scaled Mass Index) of chicks in a brood and redness of 

eggshell spots; B) The relationship between female condition (Scaled Mass Index) and redness of eggshell spots; 

C) The relationship between median chromatic contrast of spots between pairs of eggs from the same clutches and 

scaled width of female growth bars. Units for the y-axis are Just Noticeable Differences (JNDs). Horizontal grey 

dashed line indicates JNDs = 1, a threshold above which the contrast is considered to be perceived by a receiver. 

In all three cases, red dashed line shows linear regression and shaded area depicts 95% confidence interval. Visual 

model of the blue tit Cyanistes caeruleus was used. 
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Results for the peafowl visual model 

Median chromatic contrast within clutches was significantly lower than median chromatic 

contrast between clutches both for spots (W = 66462313, p < 0.001, r = 0.141) and background 

(W = 65349429, p < 0.001, r = 0.136, Figure A3A). Likewise, median achromatic contrast 

within clutches was significantly lower than median achromatic contrast between clutches both 

for spots (W = 55756514, p < 0.001, r = 0.090) and background (W = 52385131, p < 0.001, 

r = 0.074, Figure A3B). Detailed values are presented in Table A3. 

Median difference between pattern spectra was 0.010 (interquartile range = 0.009) within 

clutches and 0.020 (interquartile range = 0.017) between clutches. Median difference in pattern 

spectra was lower within clutches than between clutches, W = 57507938, p < 0.001, r = 0.098 

(Figure A4). 

Further, median chromatic contrast between clutches was significantly higher than 1 JNDs for 

spots (W = 3069307955, p < 0.001, r = 0.679) and for background (W = 2990226851, p < 0.001, 

r = 0.639) and the same was true for achromatic contrast for spots (W = 3222446984, p <0.001, 

r = 0.756) and background (W = 3072198074, p < 0.001, r = 0.681). 

Results of averaged models are presented in Table A4, selected relationships are plotted in 

Figure A5, and importance of predictors is shown in Figure A6. Details on selected models that 

were subject to model averaging are included in Table A5. 
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Figure A3. A) Comparison of average chromatic contrast for pairs of eggs from the same clutches (blue boxplot) 

and from different clutches (red boxplot). B) Comparison of average achromatic contrast for pairs of eggs from 

the same clutches (blue boxplot) and from different clutches (red boxplot). Contrasts for background and spots 

were calculated separately. Units for y-axes are Just Noticeable Differences (JNDs). Horizontal dashed lines 

indicate JNDs = 1, a threshold above which the contrast is considered to be perceived by a receiver. Numbers 

above plots indicate percent of pairs of eggs in a given group for which contrast values were >1 JNDs. In both 

cases, the visual model of the peafowl Pavo cristatus was used. 

 

  























102 

Abstract 

Multiple hypotheses have been proposed to explain adaptive roles of pigmentation of avian 

eggshells and its variability across species. Testing hypotheses focusing on mechanical or 

structural functions of the pigmentation requires an accurate measurement of the quantity of 

pigment(s) in the eggshells. High-performance liquid chromatography (HPLC) is best suited 

for this task but is invasive and simply impossible in many kinds of research. Hence, 

measurements of the external appearance of eggs are often used as a proxy for the concentration 

of pigments(s), yet, literature shows appearance features best predicting the quantity of 

pigment(s) differ among species and usually their predictive power is low. Here, we explored 

whether external appearance of eggshells of the red-backed shrike Lanius collurio is a reliable 

predictor of protoporphyrin IX concentration. We collected 43 eggs and photographed them in 

standardised light conditions to objectively measure 20 different metrics of coloration and 

patterning and used HPLC to measure the exact concentration of the pigment. Our analysis 

revealed, green chroma was the best predictor of protoporphyrin IX concentration. However, 

the amount of explained variance was low which is consistent with the results from the literature. 

We discuss possible reasons for such a weak relationship. 

 

Keywords: calibrated digital photography; chroma; full spectrum; granularity; grey standards; 

high-performance liquid chromatography; pigmentation; ultraviolet 
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overexposed eggs. Overexposed pixels appeared only in the background area, and thus, we did 

not exclude these eggs from analyses focusing solely on the brightness and coloration of spots. 

Finally, we excluded one egg with incorrectly detected spots from the analyses for background 

and for spots as both require an accurate detection of spots to properly segment the egg image. 

Prior to modelling, we centred and scaled all numeric continuous variables. The final sample 

size was 28 eggs from 22 clutches for analyses based on whole eggs, 27 eggs from 22 clutches 

for background and 33 eggs from 24 clutches for spots. 

To initially explore the relationship between the concentration of protoporphyrin and 

colour and pattern traits measured from calibrated digital images, we calculated correlation 

coefficients. We checked distribution of variables using the Shapiro-Wilk test and when the 

distribution of the variable was normal, we calculated Pearson correlation coefficient, otherwise, 

we calculated Spearman rank correlation coefficient. The distribution of the concentration of 

protoporphyrin was normal in all cases. 

In further analyses, we focused on eggshell appearance traits that correlated with the 

concentration of protoporphyrin. We fitted linear mixed models using the concentration of 

protoporphyrin as the dependent variable and, sequentially, each of the selected variables as the 

explanatory predictor. To control for non-independence of data points we introduced clutch ID 

as a random factor in all models. Protoporphyrin-based pigmentation is known to fade over 

time, especially during the first days after oviposition (Hanley et al., 2016; Cembrano et al., 

2021; but see: Cassey et al., 2012b). Although it was impossible to standardise the number of 

days eggs were exposed to daylight in the nests until their collection, we introduced the year of 

collection as a covariate in the models to control for a potentially higher degree of fading for 

older eggs. However, it is important to note here that our objective was not to approximate the 

original amount of protoporphyrin in the eggshell of a freshly laid egg but to investigate whether 

external eggshell appearance is a good predictor of the amount of the pigment. We also 

controlled for potential differences between the two populations, introducing population ID as 

another covariate in the models. We calculated variance inflation factors (VIFs) to explore 

collinearity between explanatory variables. In all cases, VIFs were below 2; thus, explanatory 

variables were not collinear. Residuals and random effects were normally distributed, with no 

outliers or overly influential observations. We calculated R2 as a measure of the predictive 

power of the model. Since we had both fixed (selected eggshell appearance trait, year of 

collection, and population ID) and random (clutch ID) variables, we focused on marginal R2 

that measures the amount of explained variance attributed to fixed effects. We report results of 
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demonstrated that layers of pigment occur at varying depths in Passeriformes. Moreover, 

comparing the appearance of the red-backed shrike eggs (Figure 1C) with Figure 1 from 

Jagannath et al. (2008) gives a clue that paler spots often present in eggshells of the red-backed 

shrike can indeed be layers of protoporphyrin deposited deeper in the eggshell. Consistent with 

these observations, Butler & Waite (2016) noted that including eggshell thickness as a covariate 

in models predicting concentration of biliverdin in the European starling Sturnus vulgaris 

eggshells, improved their predictive power (but it was still not excessive, maximum R2 = 0.53). 

Finally, Kennedy & Vevers (1976) showed that even eggshells that are apparently white like, 

for example, in the white stork Ciconia ciconia, barnacle goose Branta leucopsis, European 

scops owl Otus scops, or wood pigeon Columba palumbus do contain detectable amounts of 

protoporphyrin. 

Conclusion 

Overall green chroma was the best predictor of the protoporphyrin concentration in 

eggshells of the red-backed shrike. However, similarly to other studies, we found that external 

eggshell appearance explained only a moderate proportion of variance in the concentration of 

protoporphyrin. This highlights the importance of investigating the relationship between 

eggshell appearance and concentration of pigment(s) in the focal species prior to utilising 

eggshell colour or pattern as a proxy of pigment quantity. Importantly, this does not apply to 

studies exploring signalling functions of the eggshell pigmentation, as in such cases, only the 

external eggshell appearance visible to a signal receiver is relevant. 
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Figure 1. (A) Variability of eggshell pigmentation in the red-backed shrike Lanius collurio. Eggs are arranged 

with increasing concentration of protoporphyrin IX, from left to right: minimum, 1st quartile, mean, 3rd quartile, 

and maximum concentration; (B) A preview of the detection of spots: original egg (on the left) and segmented 

image (on the right). Segmented images were used as masks to measure the brightness and colour of background 

and spots separately; (C) The high variation of brightness and colour of spots can indicate that layers of 

protoporphyrin IX occur at different depths within the calcium carbonate matrix. See the text for the discussion. 

In all cases, colour images are normalised images prepared in the MICA Toolbox and converted to RGB. 
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year2020 -0.0061 0.018 7.2726 -0.3409 0.7428  

year2021 0.0349 0.0198 11.2692 1.7627 0.105  

siteIDTER -0.0712 0.0351 5.018 -2.0301 0.0979  

Ultraviolet chroma of background* (R2 = 0.207) 

term Estimate Std. Error df t p  

(Intercept) 0.1101 0.0349 22 3.1545 0.0046  

bg_UVchroma 0.021 0.01 22 2.0891 0.0485  

year2020 0.0065 0.0186 22 0.3471 0.7318  

year2021 0.0429 0.0221 22 1.9429 0.0649  

siteIDTER -0.066 0.0342 22 -1.93 0.0666  

Overall blue chroma (R2 = 0.065) 

term Estimate Std. Error df t p  

(Intercept) 0.0873 0.0428 11.6364 2.041 0.0646  

Bchroma -0.0034 0.0127 20.8489 -0.2709 0.7891  

year2020 0.0092 0.0226 16.0299 0.409 0.688  

year2021 0.011 0.0288 20.3599 0.3838 0.7051  

siteIDTER -0.0314 0.0399 10.9854 -0.7876 0.4476  

Blue chroma of spots (R2 = 0.059) 

term Estimate Std. Error df t p  

(Intercept) 0.0839 0.0426 11.1149 1.9701 0.0742  

spots_Bchroma -0.0046 0.0115 23.9284 -0.3996 0.693  

year2020 0.0132 0.0205 13.9261 0.6445 0.5297  

year2021 0.0076 0.0288 20.729 0.2636 0.7947  

siteIDTER -0.0275 0.0397 10.5864 -0.6915 0.5041  

Blue chroma of background* (R2 = 0.072) 

term Estimate Std. Error df t p  

(Intercept) 0.0848 0.036 22 2.353 0.028  

bg_Bchroma -0.0006 0.0115 22 -0.0496 0.9609  

year2020 0.0109 0.0203 22 0.5386 0.5955  

year2021 0.0169 0.0271 22 0.622 0.5403  

siteIDTER -0.0321 0.033 22 -0.9737 0.3408  

Overall green chroma (R2 = 0.299) 

term Estimate Std. Error df t p  

(Intercept) 0.1141 0.0338 9.0742 3.3786 0.0081  

Gchroma -0.0215 0.0077 13.1953 -2.8053 0.0147  

year2020 0.0103 0.018 12.7587 0.5755 0.5749  

year2021 0.0227 0.0173 14.7255 1.3077 0.211  

siteIDTER -0.064 0.0318 7.9845 -2.0152 0.0787  

Green chroma of spots (R2 = 0.248) 

term Estimate Std. Error df t p  

(Intercept) 0.1188 0.0342 8.4726 3.476 0.0077  

spots_Gchroma -0.0191 0.0071 17.0496 -2.6841 0.0157  

year2020 0.0069 0.016 10.4733 0.4305 0.6755  

year2021 0.0153 0.0173 17.3349 0.8869 0.3873  

siteIDTER -0.0654 0.0321 7.7378 -2.0381 0.0771  

Green chroma of background (R2 = 0.249) 
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term Estimate Std. Error df t p  

(Intercept) 0.1136 0.0347 2.3499 3.2709 0.066  

bg_Gchroma -0.0202 0.0083 4.1769 -2.4218 0.0699  

year2020 0.0106 0.0183 3.8076 0.5762 0.5968  

year2021 0.0273 0.0187 5.4402 1.462 0.199  

siteIDTER -0.0666 0.0333 1.9067 -1.9997 0.1897  

Overall red chroma (R2 = 0.066) 

term Estimate Std. Error df t p  

(Intercept) 0.0895 0.0436 12.0499 2.0513 0.0626  

Rchroma -0.0064 0.0138 22.2348 -0.4648 0.6466  

year2020 0.0071 0.0231 16.2813 0.306 0.7635  

year2021 0.0258 0.0302 20.8505 0.8526 0.4036  

siteIDTER -0.038 0.0421 12.127 -0.9017 0.3848  

Red chroma of spots (R2 = 0.053) 

term Estimate Std. Error df t p  

(Intercept) 0.0837 0.0438 10.6511 1.9111 0.0833  

spots_Rchroma -0.001 0.0127 21.1456 -0.0778 0.9387  

year2020 0.0121 0.0219 13.7752 0.5533 0.5889  

year2021 0.0168 0.028 18.1276 0.6004 0.5557  

siteIDTER -0.0291 0.0416 10.3655 -0.699 0.4999  

Red chroma of background* (R2 = 0.096) 

term Estimate Std. Error df t p  

(Intercept) 0.0886 0.0356 22 2.4885 0.0209  

bg_Rchroma -0.0103 0.0126 22 -0.8166 0.4229  

year2020 0.0094 0.0201 22 0.4672 0.645  

year2021 0.0342 0.0284 22 1.2057 0.2407  

siteIDTER -0.0411 0.0343 22 -1.2004 0.2428  

maxPower (R2 = 0.092) 

term Estimate Std. Error df t p  

(Intercept) 0.0857 0.0401 10.4971 2.1357 0.0572  

maxPower -0.0099 0.0112 19.6992 -0.8813 0.3888  

year2020 0.0097 0.0216 15.5111 0.4512 0.6581  

year2021 0.0022 0.0269 22.9374 0.0823 0.9352  

siteIDTER -0.0265 0.0379 10.0737 -0.6991 0.5003  

sumPower (R2 = 0.065) 

term Estimate Std. Error df t p  

(Intercept) 0.087 0.042 11.1866 2.0716 0.0622  

sumPower -0.0028 0.0111 21.0902 -0.2485 0.8062  

year2020 0.0086 0.0224 16.3792 0.3841 0.7059  

year2021 0.0122 0.0278 22.5012 0.4407 0.6636  

siteIDTER -0.0311 0.0393 10.5152 -0.7907 0.4466  

propPower (R2 = 0.089) 

term Estimate Std. Error df t p  

(Intercept) 0.0819 0.0425 11.8927 1.9295 0.0779  

propPower -0.0072 0.0076 21.6325 -0.9407 0.3573  

year2020 0.0128 0.0226 16.4165 0.5665 0.5787  
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year2021 0.0174 0.0211 17.6356 0.8225 0.4218  

siteIDTER -0.029 0.0394 11.2133 -0.7358 0.477  

Average size of spots (R2 = 0.087) 

term Estimate Std. Error df t p  

(Intercept) 0.1049 0.0477 14.7454 2.1973 0.0444  

avg_spot_size -0.0093 0.009 27.9875 -1.0287 0.3124  

year2020 0.0112 0.0205 14.3807 0.5443 0.5946  

year2021 0.0136 0.0212 17.5511 0.641 0.5298  

siteIDTER -0.0509 0.0456 14.4466 -1.1144 0.2833  

Percent of spots (R2 = 0.056) 

term Estimate Std. Error df t p  

(Intercept) 0.0748 0.0491 12.9167 1.5228 0.1519  

percent_spots 0.0033 0.0102 21.5259 0.3264 0.7473  

year2020 0.0132 0.0205 13.8052 0.6454 0.5293  

year2021 0.013 0.0225 17.3092 0.5771 0.5713  

siteIDTER -0.019 0.0484 13.043 -0.3927 0.7009  
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Table S2. Relationships between the amount of biliverdin (BV) and protoporphyrin (PP) in avian eggshells and different metrics of eggshell appearance measured using visual 

scoring, spectrometry, or digital photography compiled from the literature. Full list of references is provided below the table. For a detailed way of measuring different eggshell 

appearance metrics, please, consult the original papers. 

species pigment eggshell appearance metric 
measurement 

method 
effect size type of effect size 

p-value 

or 95% 

CI  

R2 N reference 

Ficedula hypoleuca BV blue-green chroma spectrometry 0.5 correlation (without details) 0.004 - 31 [1] 

Sturnus unicolor BV PC1 (a measure of brightness) spectrometry -0.61 Pearson correlation coefficient <0.01 - 80 [2] 

Sturnus unicolor BV 
PC2 (reflectance in blue-green 

part of spectrum) 
spectrometry not provided Pearson correlation coefficient >0.05 - 80 [2] 

Sturnus unicolor BV blue-green chroma spectrometry 0.66 Pearson correlation coefficient 0.0005 - 80 [3] 

Sturnus unicolor BV PC1 (a measure of brightness) spectrometry -0.69 Pearson correlation coefficient <0.0001 - 80 [3] 

Sturnus unicolor BV 
PC2 (reflectance in blue-green 

part of spectrum) 
spectrometry not provided Pearson correlation coefficient 0.68 - 80 [3] 

Sturnus unicolor PP blue-green chroma spectrometry not provided Pearson correlation coefficient 0.93 - 80 [3] 

Sturnus unicolor PP PC1 (a measure of brightness) spectrometry not provided Pearson correlation coefficient 0.55 - 80 [3] 

Sturnus unicolor PP 
PC2 (reflectance in blue-green 

part of spectrum) 
spectrometry not provided Pearson correlation coefficient 0.33 - 80 [3] 

Ficedula albicollis BV blue-green chroma spectrometry 0.46 slope in generalized linear model 
0.06 to 

0.86 
- 24 [4] 

Ficedula albicollis BV ultraviolet chroma spectrometry -0.42 slope in generalized linear model 
-0.83 to -

0.01 
- 24 [4] 

Turdus merula BV blue-green chroma spectrometry not provided slope in generalized linear model >0.05 - 21 [5] 

Turdus merula BV brightness spectrometry not provided slope in generalized linear model >0.05 - 21 [5] 

Turdus merula PP blue-green chroma spectrometry 

not provided 

(negatively 

related) 

slope in generalized linear model <0.05 - 21 [5] 
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Turdus merula PP brightness spectrometry not provided slope in generalized linear model >0.05 - 21 [5] 

Turdus philomelos BV blue-green chroma spectrometry not provided slope in generalized linear model >0.05 - 24 [5] 

Turdus philomelos BV brightness spectrometry not provided slope in generalized linear model >0.05 - 24 [5] 

Turdus philomelos PP blue-green chroma spectrometry not provided slope in generalized linear model >0.05 - 24 [5] 

Turdus philomelos PP brightness spectrometry not provided slope in generalized linear model >0.05 - 24 [5] 

49 avian genera BV L' (lightness in CIELUV) photography 0.049 
slope in phylogenetic multiple 

linear regression 
<0.001 - 49 [6] 

49 avian genera BV 
u' (red-green opponency in 

CIELUV) 
photography -0.008 

slope in phylogenetic multiple 

linear regression 
<0.001 - 49 [6] 

49 avian genera BV 
v' (blue-yellow opponency in 

CIELUV) 
photography -0.003 

slope in phylogenetic multiple 

linear regression 
0.001 - 49 [6] 

49 avian genera BV pattern coverage photography 0.112 
slope in phylogenetic multiple 

linear regression 
0.003 0.18 49 [6] 

49 avian genera PP L' (lightness in CIELUV) photography -0.207 
slope in phylogenetic multiple 

linear regression 
0.454 - 49 [6] 

49 avian genera PP 
u' (red-green opponency in 

CIELUV) 
photography 0.011 

slope in phylogenetic multiple 

linear regression 
0.01 - 49 [6] 

49 avian genera PP 
v' (blue-yellow opponency in 

CIELUV) 
photography 0.006 

slope in phylogenetic multiple 

linear regression 
0.29 - 49 [6] 

49 avian genera PP pattern coverage photography 0.144 
slope in phylogenetic multiple 

linear regression 
<0.001 0.51 49 [6] 

Coturnix japonica BV blue-green chroma of spots spectrometry 0.5 correlation (without details) 0.01 - 24 [7] 

Coturnix japonica PP brightness of background spectrometry -0.5 correlation (without details) 0.01 - 24 [7] 

Ficedula hypoleuca BV blue-green chroma spectrometry 0.46 
standardised slope in linear 

mixed model 
<0.001 - 165? [8] 

Parus major PP intensity of spots visual scoring 0.58 Pearson correlation coefficient 0.001 - 28 [9] 

Parus major PP size of spots visual scoring 0.47 Pearson correlation coefficient 0.01 - 28 [9] 
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Parus major PP 
intensity of spots on the blunt 

end 
visual scoring -0.61 Pearson correlation coefficient <0.001 - 45 [9] 

Parus major PP 
intensity of spots on the 

equator 
visual scoring 0.47 Pearson correlation coefficient 0.001 - 45 [9] 

Parus major PP 
pattern coverage on the blunt 

end 
visual scoring 0.35 Pearson correlation coefficient 0.02 - 45 [9] 

Parus major PP pattern coverage on the equator visual scoring 0.15 Pearson correlation coefficient 0.32 - 45 [9] 

Parus major PP pattern distribution visual scoring -0.19 Pearson correlation coefficient 0.33 - 45 [9] 

Parus major PP PC1 visual scoring -0.54 Pearson correlation coefficient 0.003 - 45 [9] 

Parus major PP PC2 visual scoring 0.26 Pearson correlation coefficient 0.18 - 45 [9] 

Cyanistes caeruleus PP intensity of spots visual scoring -0.11 Pearson correlation coefficient 0.57 - 27 [9] 

Cyanistes caeruleus PP size of spots visual scoring -0.04 Pearson correlation coefficient 0.8 - 27 [9] 

Cyanistes caeruleus PP 
intensity of spots on the blunt 

end 
visual scoring -0.3 Pearson correlation coefficient 0.13 - 27 [9] 

Cyanistes caeruleus PP 
intensity of spots on the 

equator 
visual scoring 0.04 Pearson correlation coefficient 0.84 - 27 [9] 

Cyanistes caeruleus PP 
pattern coverage on the blunt 

end 
visual scoring 0.41 Pearson correlation coefficient 0.04 - 27 [9] 

Cyanistes caeruleus PP pattern coverage on the equator visual scoring 0.14 Pearson correlation coefficient 0.5 - 27 [9] 

Cyanistes caeruleus PP pattern distribution visual scoring 0.05 Pearson correlation coefficient 0.8 - 27 [9] 

Cyanistes caeruleus PP PC1 visual scoring 0.056 Pearson correlation coefficient 0.78 - 27 [9] 

Cyanistes caeruleus PP PC2 visual scoring 0.1 Pearson correlation coefficient 0.62 - 27 [9] 

71 species of British 

passerines 
BV L* (lightness in CIELAB) photography -0.04 

slope in averaged phylogenetic 

generalized linear models 

-0.06 to -

0.03 
- 71 [10] 

71 species of British 

passerines 
BV 

a* (red-green opponency in 

CIELAB) 
photography -0.06 

slope in averaged phylogenetic 

generalized linear models 

-0.09 to - 

0.03 
- 71 [10] 

71 species of British 

passerines 
BV 

b* (blue-yellow opponency in 

CIELAB) 
photography -0.01 

slope in averaged phylogenetic 

generalized linear models 

-0.03 to 

0.02 
- 71 [10] 
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71 species of British 

passerines 
BV pattern coverage photography 0.003 

slope in averaged phylogenetic 

generalized linear models 

-0.004 to 

0.01 
- 71 [10] 

71 species of British 

passerines 
PP L* (lightness in CIELAB) photography -0.03 

slope in averaged phylogenetic 

generalized linear models 

-0.05 to -

0.02 
- 71 [10] 

71 species of British 

passerines 
PP 

a* (red-green opponency in 

CIELAB) 
photography 0.03 

slope in averaged phylogenetic 

generalized linear models 

0.0009 to 

0.05 
- 71 [10] 

71 species of British 

passerines 
PP 

b* (blue-yellow opponency in 

CIELAB) 
photography 0.011 

slope in averaged phylogenetic 

generalized linear models 

-0.004 to 

0.03 
- 71 [10] 

71 species of British 

passerines 
PP pattern coverage photography 0.01 

slope in averaged phylogenetic 

generalized linear models 

0.008 to 

0.02 
- 71 [10] 

Parus major PP intensity of spots visual scoring 0.42 correlation (without details) 0.004 - 45 [11] 

Parus major PP size of spots visual scoring 0.54 correlation (without details) <0.001 - 45 [11] 

Parus major PP pattern coverage visual scoring 0.33 correlation (without details) 0.03 - 45 [11] 

Parus major PP pattern distribution visual scoring 0.05 correlation (without details) 0.75 - 45 [11] 

Parus major PP red chroma spectrometry 0.5 correlation (without details) 0.001 - 44 [11] 

Serinus canaria BV overall blue-green chroma spectrometry 0.31 Pearson correlation coefficient 0.12 - 26 [12] 

Serinus canaria BV blue-green chroma of spots spectrometry 0.36 Pearson correlation coefficient 0.075 - 26 [12] 

Serinus canaria BV 
blue-green chroma of 

background 
spectrometry -0.03 Pearson correlation coefficient 0.88 - 27 [12] 

Serinus canaria BV overall blue-green chroma 2 spectrometry 0.45 Pearson correlation coefficient 0.021 - 26 [12] 

Serinus canaria BV blue-green chroma 2 of spots spectrometry 0.39 Pearson correlation coefficient 0.046 - 26 [12] 

Serinus canaria BV 
blue-green chroma 2 of 

background 
spectrometry 0.27 Pearson correlation coefficient 0.18 - 27 [12] 

Serinus canaria BV overall brightness spectrometry 0.07 Pearson correlation coefficient 0.74 - 26 [12] 

Serinus canaria BV brightness of spots spectrometry 0.27 Pearson correlation coefficient 0.18 - 26 [12] 

Serinus canaria BV brightness of background spectrometry -0.21 Pearson correlation coefficient 0.31 - 26 [12] 

Serinus canaria PP overall red chroma spectrometry 0.49 Pearson correlation coefficient 0.008 - 28 [12] 

Serinus canaria PP red chroma of spots spectrometry 0.42 Pearson correlation coefficient 0.025 - 28 [12] 
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Serinus canaria PP red chroma of background spectrometry 0.39 Pearson correlation coefficient 0.038 - 29 [12] 

Serinus canaria PP overall brightness spectrometry -0.4 Pearson correlation coefficient 0.033 - 28 [12] 

Serinus canaria PP brightness of spots spectrometry -0.56 Pearson correlation coefficient 0.002 - 28 [12] 

Serinus canaria PP brightness of background spectrometry -0.07 Pearson correlation coefficient 0.73 - 28 [12] 

Serinus canaria PP intensity of spots visual scoring 0.4 Pearson correlation coefficient 0.029 - 29 [12] 

Serinus canaria PP size of spots visual scoring 0.29 Pearson correlation coefficient 0.12 - 29 [12] 

Serinus canaria PP pattern coverage visual scoring 0.3 Pearson correlation coefficient 0.12 - 29 [12] 

Serinus canaria PP pattern distribution visual scoring 0.17 Pearson correlation coefficient 0.37 - 29 [12] 

Sturnus vulgaris BV hue photography 0.0056 slope in linear regression <0.0001 0.476 66 [13] 

Sturnus vulgaris BV saturatiom photography 0.03514 slope in linear regression <0.0001 0.271 66 [13] 

Sturnus vulgaris BV brightness photography -0.00631 slope in linear regression 0.1062 0.044 66 [13] 

Sturnus vulgaris BV B1 spectrometry -0.00202 slope in linear regression <0.0001 0.246 66 [13] 

Sturnus vulgaris BV B2 spectrometry -0.80842 slope in linear regression <0.0001 0.246 66 [13] 

Sturnus vulgaris BV B3 spectrometry -0.41144 slope in linear regression 0.0463 0.062 66 [13] 

Sturnus vulgaris BV S1R spectrometry -6.40491 slope in linear regression <0.0001 0.338 66 [13] 

Sturnus vulgaris BV S1G spectrometry 4.49384 slope in linear regression <0.0001 0.384 66 [13] 

Sturnus vulgaris BV S1B spectrometry 5.35164 slope in linear regression <0.0001 0.455 66 [13] 

Sturnus vulgaris BV S1U spectrometry 5.35164 slope in linear regression <0.0001 0.346 66 [13] 

Sturnus vulgaris BV S1Y spectrometry -2.94172 slope in linear regression 0.0019 0.143 66 [13] 

Sturnus vulgaris BV S1V spectrometry -2.755 slope in linear regression <0.0001 0.354 66 [13] 

Sturnus vulgaris BV S2 spectrometry 0.05541 slope in linear regression 0.0004 0.181 66 [13] 

Sturnus vulgaris BV S3 spectrometry 3.2625 slope in linear regression <0.0001 0.463 66 [13] 

Sturnus vulgaris BV S5a spectrometry 0.02412 slope in linear regression <0.0001 0.414 66 [13] 

Sturnus vulgaris BV S5b spectrometry 0.01342 slope in linear regression <0.0001 0.291 66 [13] 

Sturnus vulgaris BV S5c spectrometry 0.01197 slope in linear regression <0.0001 0.245 66 [13] 

Sturnus vulgaris BV S6 spectrometry 0.53085 slope in linear regression 0.0933 0.044 66 [13] 

Sturnus vulgaris BV S7 spectrometry 0.11024 slope in linear regression <0.0001 0.441 66 [13] 

Sturnus vulgaris BV S8 spectrometry 0.31082 slope in linear regression <0.0001 0.279 66 [13] 
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Sturnus vulgaris BV S9 spectrometry 0.57941 slope in linear regression <0.0001 0.371 66 [13] 

Sturnus vulgaris BV H1 spectrometry 0.00172 slope in linear regression 0.1687 0.03 66 [13] 

Sturnus vulgaris BV H3 spectrometry 0.00063 slope in linear regression <0.0001 0.454 66 [13] 

Sturnus vulgaris BV H4a spectrometry 0.09972 slope in linear regression 0.189 0.027 66 [13] 

Sturnus vulgaris BV H4b spectrometry 0.25568 slope in linear regression 0.0042 0.123 66 [13] 

Sturnus vulgaris BV H4c spectrometry 0.01747 slope in linear regression 0.5349 0.006 66 [13] 

Sturnus vulgaris BV blue-green chroma spectrometry 2.75955 slope in linear regression <0.0001 0.454 66 [13] 

Sturnus vulgaris BV red chroma spectrometry -11.53451 slope in linear regression <0.0001 0.255 66 [13] 

Sturnus vulgaris BV S1B spectrometry 

not provided  

(positively 

related) 

slope in multiple linear 

regression (eggshell thickness 

controlled) 

<0.01 0.53 66 [13] 

Sturnus vulgaris BV blue-green chroma spectrometry 

not provided  

(positively 

related) 

slope in multiple linear 

regression (eggshell thickness 

controlled) 

<0.01 0.51 66 [13] 

Parus major PP intensity of spots visual scoring 0.38 Pearson correlation coefficient >0.05 - 38 [14] 

Parus major PP size of spots visual scoring 0.42 Pearson correlation coefficient >0.05 - 38 [14] 

Parus major PP pattern distribution visual scoring -0.18 Pearson correlation coefficient >0.05 - 38 [14] 

Parus major PP PC1 visual scoring -0.45 Pearson correlation coefficient <0.05 - 38 [14] 

Parus major PP PC2 visual scoring 0.17 Pearson correlation coefficient >0.05 - 38 [14] 

Parus major PP granularity - dispersion photography 0.14 Pearson correlation coefficient >0.05 - 38 [14] 

Parus major PP granularity - contrast photography 0.32 Pearson correlation coefficient >0.05 - 38 [14] 

Parus major PP granularity - coverage photography -0.38 Pearson correlation coefficient >0.05 - 38 [14] 

Parus major PP granularity - mark size photography -0.05 Pearson correlation coefficient >0.05 - 38 [14] 

Parus major PP granularity - PC1 photography -0.07 Pearson correlation coefficient >0.05 - 38 [14] 

Parus major PP granularity - PC2 photography 0.33 Pearson correlation coefficient >0.05 - 38 [14] 

Parus major PP brightness spectrometry 0.31 Pearson correlation coefficient >0.05 - 38 [14] 

Parus major PP ultraviolet chroma spectrometry -0.39 Pearson correlation coefficient >0.05 - 38 [14] 

Parus major PP red chroma spectrometry 0.51 Pearson correlation coefficient <0.05 - 38 [14] 
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Parus major PP Euclidian coordinates photography -0.5 Pearson correlation coefficient <0.05 - 38 [14] 

Parus major PP luminance spectrometry -0.01 Pearson correlation coefficient >0.05 - 38 [14] 

Parus major PP intensity of spots visual scoring 0.06 
slope in multiple linear 

regression 
0.01 0.4 38 [14] 

Parus major PP size of spots visual scoring 0.15 
slope in multiple linear 

regression 
0.06 

not included in final 

model 
38 [14] 

Parus major PP pattern distribution visual scoring -0.02 
slope in multiple linear 

regression 
0.62 

not included in final 

model 
38 [14] 

Parus major PP granularity - dispersion photography -0.02 
slope in multiple linear 

regression 
0.27 

not included in final 

model 
38 [14] 

Parus major PP granularity - contrast photography 0.001 
slope in multiple linear 

regression 
<0.001 

0.40 (contrast and 

coverage together) 
38 [14] 

Parus major PP granularity - coverage photography -0.01 
slope in multiple linear 

regression 
0.001 

0.40 (contrast and 

coverage together) 
38 [14] 

Parus major PP granularity - mark size photography -0.001 
slope in multiple linear 

regression 
0.75 

not included in final 

model 
38 [14] 

Parus major PP brightness spectrometry 0.003 
slope in multiple linear 

regression 
0.03 

0.27 (brightness, UV 

chroma and red 

chroma together) 

38 [14] 

Parus major PP ultraviolet chroma spectrometry -0.06 
slope in multiple linear 

regression 
0.01 

0.27 (brightness, UV 

chroma and red 

chroma together) 

38 [14] 

Parus major PP red chroma spectrometry 3.87 
slope in multiple linear 

regression 
0.04 

0.27 (brightness, UV 

chroma and red 

chroma together) 

38 [14] 

Parus major PP Euclidian coordinates spectrometry -0.12 
slope in multiple linear 

regression 
<0.001 0.26 38 [14] 
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Parus major PP luminance spectrometry 0.58 
slope in multiple linear 

regression 
0.12 

not included in final 

model 
38 [14] 

Passer montanus BV lightness photography 

not provided  

(negatively 

related) 

slope in linear mixed model 0.002 0.58 13 [15] 

Passer montanus PP lightness photography 

not provided  

(negatively 

related) 

slope in linear mixed model 0.03 0.4 13 [15] 

Serinus canaria BV overall blue-green chroma spectrometry not provided correlation (without details) >0.05 - 21 [16] 

Serinus canaria BV blue-green chroma of spots spectrometry not provided correlation (without details) >0.05 - 21 [16] 

Serinus canaria BV 
blue-green chroma of 

background 
spectrometry 0.44 correlation (without details) 0.049 - 21 [16] 

Serinus canaria PP overall red chroma spectrometry 0.54 correlation (without details) 0.011 - 21 [16] 

Serinus canaria PP red chroma of spots spectrometry not provided correlation (without details) >0.05 - 21 [16] 

Serinus canaria PP red chroma of background spectrometry not provided correlation (without details) >0.05 - 21 [16] 

Serinus canaria PP intensity of spots visual scoring 0.64 correlation (without details) <0.001 - 22 [16] 

Serinus canaria PP pattern distribution visual scoring -0.1 correlation (without details) 0.66 - 22 [16] 

Charadrius 

alexandrinus 
BV overall red chroma photography -0.02 

Spearman rank correlation 

coefficient 
>0.05 - 22 [17] 

Charadrius 

alexandrinus 
BV overall green chroma photography 0.02 

Spearman rank correlation 

coefficient 
>0.05 - 22 [17] 

Charadrius 

alexandrinus 
BV overall blue chroma photography -0.02 

Spearman rank correlation 

coefficient 
>0.05 - 22 [17] 

Charadrius 

alexandrinus 
BV overall brightness photography -0.07 

Spearman rank correlation 

coefficient 
>0.05 - 22 [17] 

Charadrius 

alexandrinus 
BV red chroma of spots photography 0.07 

Spearman rank correlation 

coefficient 
>0.05 - 22 [17] 
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Charadrius 

alexandrinus 
BV green chroma of spots photography -0.09 

Spearman rank correlation 

coefficient 
>0.05 - 22 [17] 

Charadrius 

alexandrinus 
BV blue chroma of spots photography -0.08 

Spearman rank correlation 

coefficient 
>0.05 - 22 [17] 

Charadrius 

alexandrinus 
BV brightness of spots photography -0.09 

Spearman rank correlation 

coefficient 
>0.05 - 22 [17] 

Charadrius 

alexandrinus 
BV red chroma of background photography -0.02 

Spearman rank correlation 

coefficient 
>0.05 - 22 [17] 

Charadrius 

alexandrinus 
BV green chroma of background photography 0.04 

Spearman rank correlation 

coefficient 
>0.05 - 22 [17] 

Charadrius 

alexandrinus 
BV blue chroma of background photography 0.01 

Spearman rank correlation 

coefficient 
>0.05 - 22 [17] 

Charadrius 

alexandrinus 
BV brightness of background photography 0.15 

Spearman rank correlation 

coefficient 
>0.05 - 22 [17] 

Charadrius 

alexandrinus 
BV pattern coverage photography 0.22 

Spearman rank correlation 

coefficient 
>0.05 - 22 [17] 

Charadrius 

alexandrinus 
BV fractal dimension of spottiness photography 0.4 

Spearman rank correlation 

coefficient 
>0.05 - 22 [17] 

Charadrius 

alexandrinus 
PP overall red chroma photography -0.39 

Spearman rank correlation 

coefficient 
>0.05 - 22 [17] 

Charadrius 

alexandrinus 
PP overall green chroma photography -0.28 

Spearman rank correlation 

coefficient 
>0.05 - 22 [17] 

Charadrius 

alexandrinus 
PP overall blue chroma photography 0.35 

Spearman rank correlation 

coefficient 
>0.05 - 22 [17] 

Charadrius 

alexandrinus 
PP overall brightness photography 0.2 

Spearman rank correlation 

coefficient 
>0.05 - 22 [17] 

Charadrius 

alexandrinus 
PP red chroma of spots photography -0.26 

Spearman rank correlation 

coefficient 
>0.05 - 22 [17] 
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Charadrius 

alexandrinus 
PP green chroma of spots photography -0.33 

Spearman rank correlation 

coefficient 
>0.05 - 22 [17] 

Charadrius 

alexandrinus 
PP blue chroma of spots photography 0.3 

Spearman rank correlation 

coefficient 
>0.05 - 22 [17] 

Charadrius 

alexandrinus 
PP brightness of spots photography -0.13 

Spearman rank correlation 

coefficient 
>0.05 - 22 [17] 

Charadrius 

alexandrinus 
PP red chroma of background photography -0.41 

Spearman rank correlation 

coefficient 
>0.05 - 22 [17] 

Charadrius 

alexandrinus 
PP green chroma of background photography -0.31 

Spearman rank correlation 

coefficient 
>0.05 - 22 [17] 

Charadrius 

alexandrinus 
PP blue chroma of background photography 0.38 

Spearman rank correlation 

coefficient 
>0.05 - 22 [17] 

Charadrius 

alexandrinus 
PP brightness of background photography 0.46 

Spearman rank correlation 

coefficient 
>0.05 - 22 [17] 

Charadrius 

alexandrinus 
PP pattern coverage photography 0.35 

Spearman rank correlation 

coefficient 
>0.05 - 22 [17] 

Charadrius 

alexandrinus 
PP fractal dimension of spottiness photography 0.46 

Spearman rank correlation 

coefficient 
<0.05 - 22 [17] 

Troglodytes aedon PP pixel value in red channel photography 0.0938 
slope in generalized linear mixed 

model 
0.0014 - 46 [18] 

Troglodytes aedon PP pixel value in green channel photography not provided 
slope in generalized linear mixed 

model 
0.4621 - 46 [18] 

Troglodytes aedon PP pixel value in blue channel photography not provided 
slope in generalized linear mixed 

model 
0.1135 - 46 [18] 

Troglodytes aedon PP pattern coverage photography not provided 
slope in generalized linear mixed 

model 
0.2735 - 46 [18] 




















































































