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Chapter 5

Wetting causes structure-dependent 
colour changes in bird feathers

Abstract

Bird feathers with structural colours show a colour change when humidified. We investigated 

this phenomenon in feathers of the European and Cape starling as well as in mallard and magpie 

feathers by performing reflectance spectrophotometry and optical modelling. The European 

starling and mallard feathers have barbules coloured by layers of solid melanosomes, embedded 

in keratin. The shift of the feathers’ reflectance spectrum occurring upon humidification is 

most likely due to swelling of the feathers’ keratin. The melanosomes of the Cape starling and 

magpie feather barbules are hollow, and thus infiltration of water into the air cavities can there 

contribute to the spectral changes.

To be submitted as: Freyer, P. and Stavenga, D. G. (2021). Wetting causes structure-
dependent colour changes in bird feathers.
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Introduction

The plumage of many birds displays bright colours, which have a pigmentary/chemical basis 

and/or a structural/physical origin (Hill and McGraw, 2006; Prum, 2006; Kinoshita, 2008). Birds 

employ various pigments, specifically carotenoids and melanins, but other pigment classes are 

also encountered, e.g. pterins, porphyrins and psittacofulvins (McGraw, 2006a; McGraw, 2006b; 

McGraw, 2006c). Structural colouration of bird feathers is similarly diverse. The barbs of several 

bird species have a sponge-like structure, which by constructive interference reflects light in a 

restricted wavelength range (Prum, 2006; D’Alba et al., 2012; Tinbergen et al., 2013). Keratin 

thin films cause the colours of pigeon neck feathers (Nakamura et al., 2008), while multilayer 

reflectors consisting of keratin-melanosome stacks cause the striking colours of barbules of 

e.g. bird-of-paradise, peacock, common bronzewing, starlings, and hummingbirds (Durrer, 1977; 

Stavenga et al., 2010; Maia et al., 2013; Xiao et al., 2014; Freyer et al., 2019).

 The colours of bird feathers can change upon humidification. The feathers of house 

finches (Carpodacus mexicanus), which feature pigmentary colouration due to carotenoids, 

showed no spectral changes at different degrees of humidity (Eliason and Shawkey, 2010), 

but ambient humidity modified the structural coloured feathers of tree swallows (Tachycineta 

bicolor) and eastern bluebirds (Sialia sialis). The feathers of tree swallows have a blue structural 

colour, created in the barbules by a keratin layer on top of an irregular layer of disk-shaped, solid 

melanosomes. In these feathers, increasing the ambient humidity caused a bathochromic shift of 

up to ~25 nm. The spectral shift was interpreted to be due to humidity-induced swelling of the 

keratin cortex layer (Eliason and Shawkey, 2010).

 The same explanation was used for the spectral reflectance shift that was observed 

upon increased humidity in feathers of the eastern blue-bird, although there the colour resides 

in the spongy barbs, which consist of a network of quasi-regular arranged keratin and air 

channels (Eliason and Shawkey, 2010). Previously, Mason treated similarly structured, blue 

Cotinga feather barbs with various fluids (Mason, 1923). The air channels of the spongy barbs 

likely absorb the applied fluids This results in a distinctly reduced reflectance together with a 

colour change (Mason, 1923; Stavenga et al., 2011). Raman also studied the effect of wetting 

on feathers of the Indian roller (Coracias indica), which also have spongy barbs (Raman, 1934). 

He found that an initially indigo-blue feather became green when damp, and a greenish-blue 

feather changed into pinkish red. All colour changes appeared to be reversible upon drying of the 
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feathers. The water-induced refractive index changes are presumably an additional cause of the 

water-induced spectral changes, next to the swelling.

 Here we report on our investigation of the spectral changes caused by wetting the feather 

barbules of the European starling and mallard that are coloured by layers of solid melanosomes, 

embedded in keratin (Durrer, 1977; Stavenga et al., 2017). Furthermore, we analysed how 

water affects the colours of the barbules of the Cape starling and magpie, which have hollow 

melanosomes (Durrer and Villiger, 1970; Stavenga et al., 2018). We interpreted the shifts in the 

measured reflectance spectra with the effective medium multilayer model that was used in the 

previous chapters for understanding the structural colouration of bird feathers.

Material and Methods

Feathers 

Feathers of the European starling (Sturnus vulgaris), mallard (Anas platyrhynchos), and magpie 

(Pica pica) were collected in the Netherlands (near Groningen) and those of the Cape Starling 

(Lamprotornis nitens) in Namibia (near Windhoek). The colour changes during evaporation 

of applied water drops were documented with an Olympus SZX16 stereo zoom microscope 

equipped with an SDF PLAPO 1XPF objective and an Olympus SC-30 digital colour camera.

Spectrophotometry

The reflectance spectrum of the barbules was measured with a bifurcated probe (Avantes FCR-

7UV200), using a CCD detector array spectrometer (Avantes AvaSpec-2048, Apeldoorn, the 

Netherlands). The light source was a deuterium-halogen lamp (Avantes AvaLight-D(H)-S), and 

the reference was a white diffusely scattering reflection tile (Avantes WS 2). The feather was 

positioned on a horizontal table with the probe vertically above it. Before wetting, a first (test) 

measurement was performed. Subsequently, a droplet of water was applied onto the feather, 

which then was left to soak for 10-20 minutes before it was taken off with a piece of paper tissue. 

Reflectance measurements then immediately started and were continued until the dry state was 

asymptotically reached.
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Effective-medium multilayer modelling

The reflectance spectra of the barbules were modelled using the effective medium multilayer 

modelling method applied before on various bird feathers (Stavenga, 2014; Freyer et al., 2019). 

The keratin-melanosome stacks of the barbules were sliced in layers with 1 nm thickness and 

the effective refractive index of each layer was the calculated, using the dimensions derived 

from anatomy and the refractive index of keratin, melanin and air; for the European and Cape 

starling as described in chapter 2, for the mallard and the magpie as by Stavenga et al. (Stavenga 

et al., 2017, 2018). The parameters that we varied simultaneously are slightly different to the 

previous studies, however, since we were primarily interested in the effect of material swelling, 

as detailed below. The reflectance spectra were calculated assuming normal illumination. Due 

to anisotropic arrangement of the rod-shaped melanosomes in the case of the Cape starling, 

mallard and magpie, the reflectance depends on the polarisation of the light. As we performed 

the experiments with un-polarized light, we averaged the calculated TE- and TM-dependent 

reflectance spectra in these samples.

Results

We investigated the water-induced changes in structural colouration of feathers of a European 

starling, mallard, Cape starling and magpie. In all four cases, applying a water droplet to the 

feathers causes a distinct colour change (Figure 5.1a, e, i, m). For instance, the Cape starling 

feather changed from blue to green (Figure 5.1i-k) and the magpie feather and from purple to 

blue (Figure 5.1m-o). After removing the water droplet with a piece of paper tissue, the remaining 

colour spot marked the droplet’s location (Figure 5.1b, f, j, n), but after several seconds, the 

initial colour started to be regained (Figure 5.1c, g, k, o).  To quantify the colour changes, we 

measured the reflectance spectrum of the wetted patch immediately after droplet removal and 

subsequently in the following dry state (Figure 5.1d, h, l, p). In all cases, the reflectance spectrum 

of the wet state is bathochromically shifted with respect to the spectrum of the dry state. The 

peak-wavelength shift for the European starling and mallard was ~16 nm, and for the Cape 

starling and magpie ~40 nm.

 Previous studies demonstrated that layers of melanosomes parallel to the surface of 

the barbules create the feather’s structural colours (Durrer, 1977; Stavenga et al., 2017). The 

water-induced bathochromic shift of the spectra, together with the nearly unchanged shape, 
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indicates that water uptake by the barbules causes a slight increase of the distances in the keratin-

melanosome stack. Although the rather noticeable changes in the amplitude of the reflectance 

spectra were not immediately clear, they could be readily understood after close-up observation 

of the barbules. In the dry state, the surface of the barbules is more or less parallel to the feather 

surface, so that the reflecting area is largest. On a microscopic level (not explicitly shown here), 

Figure 5.1. Colour changes exhibited by structurally coloured bird feather barbules upon applying 
a drop of water and during subsequent drying. (a-d) Green covert feather of a European starling. 
(e-h) Speculum feather of a mallard. (i-l) Tail feather of a Cape starling. (m-p) Tail feather of a 
magpie. (a, e, i, m) After application of a water droplet. (b, f, j, n) After the droplet was removed 
with a paper tissue. (c, g, k, o) After a considerable drying time. (d, h, l, p) Reflectance spectra of 
the dry (blue curves) and wet (red curves) state of the four feathers. Scale bars: (a-c) 1mm;  
(d-f) 3 mm; (g-i) 3 mm; (j-l) 3mm.
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the barbule positions were influenced by the presence of the water droplet, sticking together and 

more or less returning to the same state when dry. Sometimes deformations remained, especially 

at the droplet edge, as is macroscopically visible in Figure 5.1f. Hence the quantity of light that 

is captured by the spectrometer varied between the wet and dry states, as observed in the changed 

amplitudes of the measured reflectance spectra.

 During the drying process, the reflectance spectra gradually returned from the longer-

wavelength-peaked wet state toward the shorter-wavelength-peaked dry state. Figure 5.2 shows 

the time course of the peak wavelength for the case of the European starling. The time courses 

for the other cases were essentially the same, but the duration varied, possibly also related to 

the size of the applied water drop. Figures 5.1d, h, l, p show reflectance spectra for a single 

location. We repeated the measurements for various areas of the feathers, which yielded slightly 

varying peak wavelength shifts, for the European starling 25±6 nm, for the mallard 16±4 nm, 

for the Cape starling 40±9 nm, and for the magpie 35±8 nm. To interpret these peak shifts, we 

performed optical modelling.

 Diagrams of the arrangement of the melanosomes in the feather barbules of the four 

investigated bird species are presented in Figure 5.3a, d, g, j. The associated refractive index 

profiles at 500 nm are given in Figure 5.3b, e, h, k. In each panel three cases are considered where 

the cortex thickness is assumed to increase due to wetting.

 For the melanosomes of the European starling, we assumed a diameter Dm = 130 nm, 

with the melanosomes arranged in a single layer (Figure 5.3a, Freyer and Stavenga, submitted 

2020). To simplify the calculations, we assumed touching melanosomes, or, Da = Dm , and the 

cortex thickness was taken to be c = 280, 310, and 340 nm (Figure 5.3b), yielding the reflectance 

Figure 5.2. Peak wavelength of the 
reflectance spectrum of a European starling 
feather before and after wetting (symbols). 
The water drop was applied to the feather 
during the grey bar, and it was removed at 
t = 0. After about 1 min the peak wave-
length returns from the wet state (600 nm, 
red dashed line) to the dry state (566 nm, 
green dashed line) with approximately an 
exponential time course (blue curve).
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spectra of Figure 5.3c, with incremental peak-wavelength shifts of 30 nm.

 For the mallard, we assumed N = 6 layers of melanosomes with diameter Dm = 130 

nm and inter-melanosome spacing of s = 40 nm (i.e. Da = 160 nm (Figure 5.3b, Stavenga et 

Figure 5.3. Spectral shifts due to changes in keratin swelling/expansion. (a-c) European starling, 
S. vulgaris. (d-f) Mallard, A. platyrhynchos. (g-i) Cape starling, L. nitens. (j-l) Magpie, P. pica. 
(a,d,g,j) Diagrams of the arrangement of melanosomes in the barbules of the four investigated 
bird species. (b,e,h,k) The associated real (Re) and imaginary (Im) parts of the refractive index 
profiles at 500 nm for three different increments of keratin swelling. (c,f,i,l) Reflectance spectra 
calculated for these three cases.
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al. 2017)). The cortex thickness was then taken to be c = 240, 270, and 300 nm and the inter-

melanosome spacing to be s = 40, 45, and 50 nm (between the hexagonally arranged barbules; 

Figure 5.3b), yielding the reflectance spectra of Figure 5.3f, with incremental peak wavelength 

shift of 23 nm.

 For the Cape starling, cortex thicknesses c = 160, 175, 190 nm together with 

a simultaneous change of the inter-melanosome spacing parallel to the barbule surface  

da = 50, 55, 60 nm (Figure 5.3g) yielded the refractive index profiles of Figure 5.3h and the 

reflectance spectra of Figure 5.3i, with incremental peak wavelength shift of 23 nm.

 The magpie barbules have a much thinner cortex, and thus we took cortex thicknesses  

c = 50, 55, and 60 nm (Figure 5.3j), which yielded the refractive index profiles of Figure 5.3k and 

the reflectance spectra of Figure 5.3l, with incremental peak wavelength shift of 11 nm.

 In all cases the ~10 % keratin swelling caused reflectance spectra that were 

bathochromically (towards longer peak-wavelength) shifted (Figure 5.3c, f, i, l).

 For the Cape starling and magpie modelling, we also assumed water infiltration into 

the air cavities upon wetting, i.e. the refractive index of the cavities was then taken to be 1.33 in 

Figure 5.4. Colour changes induced by wetting of a peacock tail feather.
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the wet state and 1 in the dry state. This increased the modelled total peak shift between the wet 

and dry state (in addition to the abovementioned shift) by another 13 and 24 nm for the Cape 

starling and magpie, respectively. Furthermore, the refractive index of keratin was assumed to be 

constant during the structural changes.

 We also calculated the effect of melanosome swelling on the reflectance spectra. Spectral 

shifts similar to those occurring upon keratin swelling could be obtained when assuming melanin 

volume swelling by ~10 %. Of course, also substantial spectral shifts resulted by filling the holes 

in the air-filled melanosomes with water.

 Figure 5.4 shows the effect of water on a peacock tail feather. In all locations were a 

water drop was placed clear colour changes could be observed. With slight modifications of the 

modelling parameters applied in chapters 3 and 4, shifted reflectance spectra can be calculated 

(Freyer et al., in preparation).

Discussion

We found that water uptake by the feathers of birds with coloured barbules induce colour changes 

that can be well understood by assuming volumetric changes in the feather keratin, in agreement 

with the conclusion drawn from humidification experiments on tree swallows feathers (Eliason 

and Shawkey, 2010). The absorption of water by keratin and the resulting lengthening of keratin 

fibres is well known (Watt, 1965) and was applied in the hair-tension hygrometers of the 18th 

century (https://en.wikipedia.org/wiki/Hygrometer). Also, keratin films can increase in size by 

50 % (Reichl et al., 2011). From our findings reported in chapter 2, it could be anticipated 

that keratin, which mainly resides in the cortex layer, would have a most relevant effect on the 

peak wavelength of the reflectance spectrum for the two starling structures. However, keratin 

swelling can also explain the peak shifts that we measure in the mallard and magpie, when water 

infiltration into the air cavities is included in the latter.

 Water uptake by melanin in the feather barbules as well as by air holes in the feathers 

of Cape starling and magpie could similarly explain the observed reflectance changes, as 

established by water sorption by melanin films (Clulow et al., 2017), but applying the principle 

of parsimony, the water-induced change in the barbule’s keratin is presumably the most likely 

actor causing the water-induced colour changes in bird feathers.
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