























bioRxiv preprint doi: https://doi.org/10.1101/2022.12.09.519795; this version posted December 17, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

i

()

s .|
o

-~
e e

iy 1

$ %$&
#

* 4+

\
'_'_l_k,

\ “
+
N . “
- bt | "

188
189
190
191
192
193
194



195
196
197
198

199
200

thin cortex (x); the barbules (bb) are present on the obverse side. J) Optical image of contiguous brown region. K) Brown rami
in cross-section. L) Melanosomes (m) present throughout the rami and barbules. M) Medullary cell of brown ramus showing
melanosomes (m) and the absence of keratin matrices. Scale bars: A and B) 1mm; C), D), G) and K) 50um; E) 500um; H) 10um;
[) and L) 100pm; M) Spm.

‘uoissiwiad INOYIM pamojje asnal ON “PaAlasal SIybu (| “Japuny/ioyine ayl si (Malnal Jaad Ag paliiad 10U Sem Yyolym)
wiudaud sy 1oy 1spjoy 1yBLAdod 8yl "2z0z ‘LT Jsquisdaq paisod UoIsIsA SIYl (G6/6TS 60 2T 2202/T0TT 0T/610"10p//:sdny :10p uudaid Aixygolq


https://doi.org/10.1101/2022.12.09.519795

201

202

203
204
205
206

A Eurasian woodcock B C
501
751
S0 g
=401 Caspian t )
@ aspian tern 8 -
E g 70
9 b}
G) 30 H Fre 50 500
= rock ptarmigan H&—J s0:
S o oo
3 . ©
8 204 snow-capped manakin 3
5 T~k
) 254
snowy owl
10 common nighthawk
/Mjpoll
/
01~ T - r . 0 . . . ,
300 400 500 600 700 400 500 600 700

Wavelength (nm)

Figure 2. (A) Diffuse reflectance spectra measured from the reverse surface of the white Eurasian woodcock Scolopax rusticola
rectrix tips, peaking at ~55%, 31% brighter than the next brightest feather, Caspian tern Hydroprogne caspia, and compared
against 61 white plumages from Igic, D’Alba, and Shawkey (2018), species mentioned in text are highlighted; (B) Finite-

Difference Time-Domain (FDTD) simulations showing simulated reflectance at five angles of incidence (AOI; highlighted in
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grey, 0, 20, 50, 70 and 80) and four control measurements (highlighted in blue; hollow cell at 70 AOI, hollow cell control, solid
cell at 70 AOI and solid control). These data suggest that air pockets present in the keratin matrix are essential for increasing
the reflectivity across visible wavelengths in the woodcock’s tail feathers. (C) Showing ecological context when white tips are
exposed, either from the ground (probably a female attracting an overflying male) (Ca) or in flight (male in display flight) (Cb);

photos by Serge Santiago and Jean-Lou Zimmermann,
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(c) Finite-Difference Time-Domain simulations of reflectivity

We found the disordered nanostructure formed by keratin and air phases in the woodcock
rami were essential for generating intense white reflectance. For normal incidence (0° from
the surface normal), the overall reflectance for the woodcock-mimicked rami unit cell
nanostructure increased by ~65% with respect to the control hollow unit cell
nanostructure. Additionally, the simulations also highlight some directionality to patch
intensity. Modelled reflectance at 80°, although showed high reflectance, also showed
increased noise, which we suggest is due to interference effects on the surface of the
feather structures. Otherwise, the reflectance increased from a peak of ~45% at normal
incidence (0°), to a peak of ~57% at 70°, which represents the actual angle of the rami
within the white patch (figure 2B). Reflectance at 70° is broadly the same as the actual
diffuse reflectance (figure 2A), although FDTD simulates diffuse plus specular reflectance.
We therefore suggest that the rami are arranged to lie at the angle which best optimizes
reflectance. Further, our simulated control cells demonstrate that air pockets in the keratin

matrix are essential for increasing the overall reflectivity across visible wavelengths.

Discussion

Our results suggest that the white tips on the woodcock’s rectrices represent the brightest
reflectance yet measured and, by virtue, the whitest white plumage patch currently known
among the birds. Other bright white plumages have been reported previously, but they are
either supposition (Tickell 2003), or using different methods or without standardised
comparison (Dyck 1979; Caswell & Prum 2011). We present our results alongside those
previously described plumages (see Igic, D’Alba, and Shawkey 2018 for a full list), using
standardised a approach (Figure 2A). This reflectance is produced by the arrangement of
thick and flattened rami with a broad distribution of air pockets, that together maximize
light reflectance. We used FDTD simulations to demonstrate that 1) the internal structure
of the rami on the white tips is integral for light scattering and subsequent reflectance, but
also; 2) that the angle of the broadened barbs in relation to each other optimise reflectance

at the macro-scale.
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242  The structures we describe differ from those of less intense diurnal plumages in two ways:
243  First, the rami are thickened and flattened (Borodulina and Formosow 1967; this study),
244  increasing surface area available for reflection and preventing light from passing between
245  the rami and barbules. Second, the thickened rami allow for a complexity of photonic cells,
246  with a network of keratin nanofibers and scattered air pockets, creating numerous

247  interfaces to favour scattering events (which similar to the ‘super-white’ reflectance

248  described in a white beetle; Vukusic 2007, Burresi et al. 2014).

249  Igic, D’Alba, and Shawkey (2018) suggested that more intense reflectance of white plumage
250 was associated with densely packed, rounder and less hollow rami, but also thicker and
251 longer barbules. Consequently, larger species were brighter by virtue of rami thickness and
252  complexity. However, the woodcock rami are thickened and flattened, superficially like the
253  rami in the white crown of Blue-rumped Manakin Lepidothrix isidorei (Igic, D’Alba, and

254  Shawkey 2016); in this case, the internal nanostructure is without the thickened rami that
255 increases the surface area of reflectance. Despite some similarities, the diffuse reflectance
256  of the manakin’s crown peaks at ~17% (Igic, D’Alba, and Shawkey 2016), ~105% less

257  bright than the woodcock. However, specular reflectance of the manakin crown is higher
258 than the woodcock, due to a nanostructure that enhances specular reflectance (also see

259  Shawkey, Maia and D’Alba 2011; McCoy et al. 2021).

260 The Venetian-blind arrangement of the thickened rami, and subsequent directional

261 reflectance, is like the arrangement of barbules of hummingbirds Trochilidae. Here, the
262  angle of the barbules relative to the axis of the ramus, and the angle between the proximal
263  and distal barbules of the rami determine directionality of reflectance, associated with

264  irradiance (Giraldo, Sosa and Stavenga, 2021).

265  White patches are present in all eight species of woodcock, but not in their closest relatives
266 (23 species of non-Scolopax Scolopacidae, see supplementary table S1) and signal some
267  behavioural intention in dimly lit environments (Cramp and Simmons 1983; Glutz von

268 Blotzheim et al., 1977). Because these patches are only visible from below, any functional
269 significance is conditional on raising and fanning the tail, for example during courtship

270 displays (Hagen, 1950; Hirons, 1980; Ferrand and Gossmann 2009; Lastukhin and Isakov,
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2016), predator distraction or non-reproductive communication (Ingram, 1974; Fetisov,
2017). The link between patch intensity, behaviour and relative light environment is
understudied and would benefit from further research.

We suggest that the woodcocks have evolved brilliant white feather patches, the brightest
described within the birds, through elaborate structural modifications at the macro-,

micro- and nano scales for communication in dimly lit environments.
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