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Abstract: 20 

Besides the importance of pigmentation in species recognition, pigments protect a body against 21 

different biotic and abiotic features. Melanin, the dark coloration pigments in skin, hairs, and 22 

feathers, is necessary for protecting a body from UV radiation. On the other hand, the lighter a 23 

surface is, the more solar radiation is reflected. Based on these arguments, it is possible that 24 

pigment distribution would not be the same among all body regions of a unicoloured individual 25 

due to the amount of solar exposure.  Therefore, three species of the Egretta genus (E. dimorpha, 26 

E. gularis, and E. garzetta), which all are unicoloured individuals, and two of which are 27 

dichromatic (dark grey/black and white), were selected as model studies. We hypothesized that 28 

within dark and white unicoloured Egrets, due to foraging and standing postures, body regions 29 

that are more exposed to the sun (like back and breast) would be darker and whiter compared to 30 

other body regions (vent and tail), respectively. Visual wavelength reflections of five body 31 

regions (breast, back, belly, vent, and tail) from 186 museum specimens were measured to 32 

indicate the concentration of pigments in each body region. Reflectance among body regions was 33 

compared using Kruschke’s “BEST” (Bayesian Estimation Supersedes the t test) framework to 34 

create Bayesian analogues for the paired t-test. The results show, regardless of the species, the 35 

more exposed body regions to the sun (back followed by breast) are darker among dark 36 

individuals and whiter among white individuals in comparison to other body regions. Therefore, 37 

our hypothesis that the concentration of pigments is not similar in all body regions of 38 

unicoloured individuals was supported.  39 

Keyword: Melanin, coloration, pigmentation, UV stress, sun exposure   40 
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Introduction 41 

Coloration plays a substantial role in species’ ecology and evolution (Poelstra et al., 2014, 2015; 42 

Bourgeois et al., 2017; Campagna et al., 2017). Variation in colour, from saturation to hue to 43 

patchiness, results from a balance among evolutionary forces such as crypsis, sexual selection, 44 

and environmental response, including local adaptation. For crypsis, coloration reduces 45 

detectability by background matching  (Endler, 1978, 1984). Sexual selection, by contrast, 46 

favours patches with maximal contrast (Gomez & Théry, 2007). These two forces may respond 47 

to local conditions (Gomez & Théry, 2007; Sun et al., 2013), such that the strength or direction 48 

of selection varies with environment. Within a given system, such as birds of the rainforest 49 

understory, these forces counterbalance; for example, small, distinctive patches, usually with 50 

maximum conspicuousness, aim to attract the opposite sex (sexual selection) (Andersson, 1994), 51 

while overall coloration is dark to avoid detection (crypsis selection) (Endler et al., 2005). Even 52 

if an individual is patchily coloured, another individual typically sees it as an average of all 53 

different colours (Burtt, 1986; Gomez & Théry, 2007) even though each patch is distinguishable 54 

by itself (Endler & Théry, 2002). In contrast to rainforest understory birds, animals that live in 55 

deserts are mostly dark in coloration (Ward et al., 2002). Thermoregulation is one of the reasons. 56 

Dark coloration help animals to save energy by using the heat from solar radiation (Walsberg, 57 

Campbell & King, 1978). Another explanation is that dark coloration reduces heat stress by 58 

absorbing excessive heat from solar radiation in, say, a feather layer and thus keeping skin cooler 59 

(Ward et al., 2002). 60 

Most research has been done on multicoloured or patchily coloured individuals (i.e., Margalida 61 

et al. 2008); there are few data on selective forces experienced by unicoloured individuals.  62 

Among unicoloured species, evolutionary forces may affect the concentration of pigments in 63 
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different body regions in a subtle but predictable manner. It is possible that pigmentation also 64 

varies subtly in different regions of the body in response to local adaptation, such as sunlight 65 

exposure. This possibility has not been explored.  66 

Ultraviolet radiation is part of the sun’s radiation with a wavelength between 100 to 400 nm 67 

(Schuch et al., 2017). It contains three kinds: UVC with 100–280 nm range, UVB with 280-315 68 

nm, and UVA with 315-400 nm range (Schuch et al., 2017). The UVC wavelength and most of 69 

the UVB are usually absorbed by the oxygen and ozone in the atmosphere. Therefore, the UV 70 

radiation which reaches the earth is mostly UVA and partially UVB (Schuch et al., 2013). 71 

Although being exposed to UV has physiological benefits, such as providing vitamin D (Holick 72 

2007), a high dosage can be harmful. The excessive amount of UV radiation exposure, chronic or 73 

prolonged, is well-known as an environmental genotoxic driver of sunlight (Schuch et al., 2013). 74 

Extra UV exposure can generate DNA damage, cell death, mutagenesis, and, eventually, 75 

carcinogenesis (Hideg et al., 2013). Thus, the amount of received UV radiation is important for 76 

the survivorship of any terrestrial and aquatic species (McKenzie et al., 2011). 77 

Different organisms have taken different evolutionary paths for protection against biotic and 78 

abiotic conditions. One of the most common protections is pigmentation, specifically melanin 79 

(Galván et al., 2018b). Melanin is responsible for pigmentation in many animal and plant species 80 

(Galván et al., 2018b). Melanin functions in signaling, as an antioxidant, free radical scavenger, 81 

and charge transport facilitator (Herrling et al., 2008), but a key role is photoprotection.   82 

Individuals absorb more wavelengths of the sunlight, even those in the ultraviolet (UV) 83 

spectrum, with increasing darkness of coloration (Cuthill et al., 2000; Eaton & Lanyon, 2003; 84 

Hausmann et al., 2003).  85 
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The other approach to protect from UV radiation is absence of pigmentation, in other words, 86 

increasing albedo (Mullen & Pohland, 2008). The colour of any object is the reflection of that 87 

colour wavelength from the visual sunlight to eye receptors. A white surface means that all the 88 

visual wavelengths have been reflected, absorbing nothing. This phenomenon is valid for the UV 89 

wavelengths too. For example, in a study on 312 bird species, all-white feathers reflect 90 

considerable UV rays (Eaton & Lanyon, 2003). Many other studies on measuring UV reflection 91 

of bird feathers have indicated higher reflection of UV from white feathers compared to other 92 

colorations (Hausmann et al., 2003; Cuthill et al., 2006). 93 

To answer the question about variation in pigmentation among different body parts of 94 

unicoloured species, we examined colour variation among different body regions within 95 

individuals of three unicoloured bird species: the Little Egret (Egretta garzetta), which is entirely 96 

white, Dimorphic Egret (E. dimorpha), and Western Reef Heron (E. gularis), which are 97 

dichromaticspecies withcompletely white or dark colorations. The way that egrets perch or 98 

forage makes their back and breast more exposed to sunlight and UV. Their posture dictates that 99 

the belly, vent, and tail are tracts least exposed to the sun (Hancock & Kushlan, 1984; Kushlan & 100 

Hancock, 2006). Therefore, as a defence mechanism and as a barrier to absorb UV wavelengths, 101 

the tracts with more sunlight exposure (back and breast) will be darker and whiter among dark 102 

and white individuals, respectively (Fig. 1). 103 

We hypothesized that body regions more exposed to sunlight would be darker for unicoloured 104 

individuals with dark coloration. In contrast, a uniformly pale organism may increase albedo in 105 

body parts with more sun exposure than less exposed regions to increase sunlight reflection. In 106 

short, we predicted higher and lower visual wavelength reflectance in more exposed body 107 

regions of white and dark unicoloured individuals, respectively, compared to other body regions.  108 
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Methods 109 

Model organisms: 110 

The Little Egret is always white and is distributed year-round in most of the Old World (Mock, 111 

1980). The Dimorphic Egret is either entirely white or completely dark grey to black, and 112 

populations of both colour morphs are roughly evenly distributed throughout its range, which 113 

extends from eastern Kenya to Madagascar and nearby islands (Zimmerman et al., 1996). The 114 

Western Reef Heron is typically dark grey, yet there are a few populations of completely white 115 

individuals in west and northeast of Africa; these birds are distributed coastally in the northern 116 

half of Africa and around the Red Sea and Persian Gulf (Mock, 1980; Etezadifar & Amini, 117 

2010).  118 

Data collection:  119 

All measurements for this study were collected from specimens in the American Museum of 120 

Natural History in New York City, NY, USA. Five body regions (back, tail, vent, belly, and 121 

breast) of 186 museum specimens (E. garzetta: 112 white morphs; E. gularis: 23 dark and 11 122 

white morphs; E. dimorpha: 24 dark and 16 white morphs; in total 139 white unicoloured 123 

individuals and 47 unicolour dark individuals). We did not measure head feathers because they 124 

include ornamental plumes in the breeding season, which complicates assessment. Each of the 125 

body regions of each specimen was measured three times with a Konica-Minolta CR-400 126 

Spectrophotometer. The mean of the three measurements was used for subsequent analyses. The 127 

spectrophotometer was standardized between each measurement. The wavelength reflection was 128 

recorded in Commission International d’Edairage LAB (CIELAB, also known as LAB) 129 

measurement system (Schanda, 2007; Hunter Associates Laboratory, 2008). In this method, the 130 

colour of the measured area is expressed in three dimensions, L*, a*, and b*. L* ranges from 0 131 

(black) to 100 (white) and shows how dark a scanned surface is. Whereas a* and b* range from -132 
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100 to +100 and represent how green/red and blue/yellow, the scanned surface is, respectively. 133 

Because the egrets are either white or dark grey, a* was excluded from analyses, and b* (the 134 

blueness) was used solely for dark-morph individuals as a second criterion for dark pigmentation 135 

(Shahrokhi & Patten, 2022). 136 

Chemicals used to preserve museum specimens or failure to remove subcutaneous fat discolored 137 

feathers of many of our samples; they had turned yellow or brownish. To avoid discoloration 138 

bias, we fitted a linear regression to mean yellowness (b*) and mean whiteness (L*) for a given 139 

feather tract and used resultant residuals as a new response variable (i.e., the tract with 140 

discoloration regressed out). For all tracts observed data and bias-corrected data gave similar 141 

results (S1). Therefore, hereafter we present the observed data. 142 

Statistical Analyses: 143 

We adopted Kruschke’s (2013) “BEST” (Bayesian Estimation Supersedes the t test) framework 144 

to create a Bayesian analogue to the paired t-test for comparison among tracts within individuals 145 

of a species. The reasons for choosing this method are: first, the distribution of data is flexible 146 

(we modeled with a t-distribution but could have used alternatives, such as Ί); second, output is a 147 

distribution of estimates rather than a single point estimate; and, third, pairing controlled for 148 

multiple tracts being measured within the same individual specimen. Comparisons of a given 149 

feather tract among species were analyzed similarly but with a Bayesian analogue to the two-150 

sample t-test. Both models were built in JAGS and run via R 4.0 using the package ‘rjags’ 151 

(Plummer, 2016). We estimated these parameters via three chains in standard Markov chain 152 

Monte Carlo ran for 10,000 iterations with a 1,000 burn-in. Priors were flat, and no thinning was 153 

required. Model convergence was checked with standard trace plots. Differences are marked if > 154 

0.90 of the posterior distribution of the parameter of interest was positive or negative; anything 155 
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less is too uncertain. Moreover, meaningful differences are those for which magnitude of mean 156 

effect size (η)—essentially a Cohen’s d—exceeded 0.40, the low end of a moderate effect. 157 

Results 158 

Regardless of species, the back feathers were the darkest tract on dark morphs and 159 

whitest tract on white morphs (Fig. 2). Among all pairwise comparisons between every two body 160 

tracts, most differences were relative to back feathers differ most. This pattern held between back 161 

and any other tracts in all measurements for both morphs (Fig. 3, for E. gularis). Since the 162 

patterns for the two other species (E. garzetta and E. dimorpha) were similar; the graphs for those 163 

species can be found in the Supplementary Information (S2, and S3). 164 

Variation among different body regions was remarkably consistent within white-morph 165 

individuals of each of the three species. As predicted, the back was always the whitest part of the 166 

body, with the highest difference between back and belly and between back and breast (Table 1). 167 

On the ventral side, the breast was noticeably whiter than either the belly or the vent, with the 168 

highest difference between breast and belly and the lowest between breast and vent (Table 1).  169 

For darkness and blueness measurements, a similar pattern was detected at the intra-individual 170 

level among the dark morphs of two species (E. gularis and E. dimorpha). The back was always 171 

the darkest (L values) and bluest (b values) part of the body, with the highest difference between 172 

back and belly and the lowest difference between back and breast (Fig. 1; Table 1). Ventrally, 173 

the breast was bluer than other body regions, with the highest difference between breast and 174 

belly and the lowest between breast and vent (Tables 2). 175 

Discussion 176 

Most previous studies on coloration compare either different species that live in similar 177 

environments or individuals within a species whose colour patterns and hues vary (e.g., 178 
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Campagna et al., 2017). Our study is the first to focus on variation among feather tracts within 179 

unicoloured individuals across three egret species. For dark individuals, we predicted that the 180 

feather tracts that are more exposed to the sun (back and breast) would be darker or more 181 

pigmented compared to other tracts (belly, tail, and vent). The feather tracts most exposed to the 182 

sun (back and breast) for white morph individuals will be whiter or less pigmented than other 183 

tracts (tail, vent, and belly). To test our hypotheses, we measured visual wavelength colour 184 

reflection to measure how dark or white each of the body tracts is compared to other body 185 

regions. The back feathers were indeed the darkest, which indicates the highest relative 186 

eumelanin concentration in this area of the body, among the dark individuals, and indeed whiter 187 

than other tracts among the white individuals. The patterns held within each species, which 188 

means of neither whiteness nor darkness differed. 189 

In other birds, as with egrets, the head feathers of Golden Eagles (Aquila chrysaetos) from all 190 

around Europe have different melanin concentrations as a response to photodamage (Galván et 191 

al., 2018a). The variation was not based on isolation, or structure but resulted from local 192 

adaptation. Melanin concentration correlated with altitude and UV exposure. As the elevation 193 

increases, the UV intensity increases, and as a result feathers contained more melanin. As with 194 

Golden Eagles and egrets,  more thrushes with dark plumage occur in highlands where the UV 195 

intensity is higher (Sandoval & Barrantes, 2019).  196 

Other studies, such as Nicolaï et al. (2020), Jablonski and Chaplin (2010), Hansson et al. (2007), 197 

and D’Orazio et al. (2006), reported a positive correlation between melanin concentration in skin 198 

and hair and UV exposure. All these local adjustments are considered a defence mechanism 199 

against photodamage, which means that more exposed body regions to sunlight are darker than 200 
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other body tracts (Choudhary et al., 2020; Markiewicz & Idowu, 2020). Our results, also, for the 201 

dark individuals are consistent with the common defence system. 202 

Another hypothesis that could account for darker back feathers would be if dark-morph birds 203 

preferentially applied oil from their uropygial gland to those feathers. These oils darken feathers 204 

and thus would achieve a photoprotective effect (López-Rull et al., 2010). A preen oil hypothesis 205 

could not be generalized to white morphs, though, unless white birds preferentially avoided 206 

applying preen oil to their back feathers, an unlikely situation given the role these oils appear to 207 

play in maintaining feather integrity (Shawkey et al., 2003) and avoiding ectoparasites (Proctor 208 

& Owens, 2000). 209 

Most studies on UV have measured reflectance to answer questions about mate choice and avian 210 

vision. A protection hypothesis implies that white feathers are not for mate attraction but because 211 

they reflect UV radiation. Morph is genetically hardwired, so there is no room for adaptive 212 

plasticity—regardless of environment, a white morph cannot become dark or vice versa. It may 213 

be that white and dark morphs will segregate via “matching habitat choice” (Edelaar et al., 214 

2017), and any habitat matching may increase with environmental harshness, as is UV 215 

reflectance (Stella et al., 2018). Future research ought to investigate feather structure, mate 216 

choice, and molecular development of white feathers. 217 

It may be that solar radiation in general, and not just UV radiation in particular, shapes some of 218 

aspects of dichromatism. Birds, like mammals, are endothermic. Regulating core body 219 

temperature may pose a challenge in hot environments or seasons (Lovegrove, 2019). The role 220 

played by dark or light plumage is debated. It may be that darker feathers absorb solar radiation 221 

to prevent transmitting heat to the skin (Wolf & Walsberg, 2000). Conversely, paler feathers 222 

reflect more light and thus reduce body temperature (Arai et al., 2017; Fargallo et al., 2018). A 223 
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thermoregulation hypothesis would seem to lead to the same predictions as the UV hypothesis. 224 

However, it may be more difficult to acquire stable dimorphism on purely thermoregulatory 225 

grounds because physiological effects of both the UV hypothesis and thermoregulation 226 

hypothesis are expected to be more proximate (relative to a more ultimate response to UV 227 

radiation). 228 

Besides environmental factors, such as UV exposure, producing melanin is under genetic control 229 

too. So far, more than 150 genes have been identified that affect skin and feather colour either 230 

directly or indirectly (Brenner & Berking, 2010). When an individual faces UV stress, the stress 231 

activates melanogenesis (Ducrest et al., 2008). It activates DNA repair, antioxidant responses, 232 

and survival pathways essential for genomic stability and the prevention of harmful 233 

transformation or apoptosis (Abdel-Malek et al., 2010). Although some studies, e.g., Golden 234 

Eagles (Galván et al., 2018a), have shown no evidence of genetic differences among colour 235 

variations, we cannot confirm that the environment solely causes the colour differentiation 236 

among egrets’ tracts. Therefore, molecular and developmental studies are needed.  237 

If the underlying causal mechanisms for the back feathers being darkest on dark morphs 238 

(photoprotection) and whitest on white morphs (albedo) hold, then it is plausible that 239 

dichromatism in both E. dimorpha and E. gularis have evolved via disruptive selection. This 240 

possibility is in response to the same environmental conditions but different melanin deposition 241 

or expression. Disruptive selection is when intermediate phenotypes  have reduced fitness while 242 

the two phenotypic extremes have a fitness advantage (Rueffler et al., 2006; Planqué et al., 243 

2016). Disruptive selection is considered as one of morphological diversification’s main drivers 244 

(Rueffler et al., 2006). Under this view, it is possible that the intermediate individuals could not 245 

resist UV stress and be selected against through time. On the other hand, the unicolour 246 
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individuals could manage to resist the UV exposure by local adaptation: dark morphs resist UV 247 

stress and protect the body from excess UV exposure by increased melanin concentration in the 248 

back and breast feathers, while in white morphs those regions are whiter. Our results are 249 

consistent with predictions of a model of disruptive selection, yet more morphological, 250 

molecular, and mate choice studies need to be done to support this hypothesis. 251 
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Figure 1. An illustration of solar radiation absorption and reflection for the range of black 
to white feather coloration. 
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Figure 2. Plumage darkness (L* values) of five feather tracts of three species Egretta 
egrets. Values shown are estimated means and associated 95% highest density 
Bayesian credible intervals. Note that back feathers are whiter that other tracts across 
all three species yet darker than other tracts in dark morphs of two species. 
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Figure 3. Pairwise differences between body regions of Egretta gularis within each color 
morph (white = 11, dark = 23). A) The difference of whiteness (L*) among white morphs. 
B) The difference of blueness (b*) among dark morphs. C) The difference of darkness 
(L*) among dark morphs. The yellow graphs represent pairwise differences between 
back, which we expect to be under the strongest selection, and other body regions, as 
indicated. The blue graphs indicate pairwise differences between other body regions. 
The dotted line indicated no difference. 

 


