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Abstract

Miillerian mimicry is a positive interspecific interaction, whereby co-occurring defended
prey species share a common aposematic signal that advertises their defences to
predators. In Lepidoptera, aposematic species typically harbour conspicuous opaque
wing colour pattern, which have convergent optical properties, as perceived by predators.
Surprisingly, some aposematic mimetic species have partially or totally transparent
wings, which raises the question of whether optical properties of such transparent areas
are also under selection for convergence. To answer this question and to investigate how
transparency is achieved in the first place, we conducted a comparative study of optics
and structures of transparent wings in neotropical mimetic clearwing Lepidoptera. We
quantified transparency by spectrophotometry and characterised clearwing
microstructures and nanostructures by microscopy imaging. We show that transparency
is convergent among co-mimics in the eyes of predators, despite a large diversity of
underlying micro- and nanostructures. Notably, we reveal that nanostructure density

largely influences light transmission. While transparency is primarily produced by
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modification of microstructure features, nanostructures may provide a way to fine-tune
the degree of transparency. This study calls for a change of paradigm in transparent
mimetic lepidoptera: transparency not only enables camouflage but can also be part of

aposematic signals.

Significance

Transparency in animals has long been associated to camouflage, but the existence of
aposematic mimetic Lepidoptera with partly transparent wings raises the question of the
role of transparency in aposematism. Here, we undertake the first comparative analysis
of transparency features in mimetic Lepidoptera. We show that transparency is likely part
of the aposematic signal, as light transmission properties are convergent among co-
mimics. We also reveal a high diversity of wing structures (scales and wing membrane
nanostructures) underlying transparency, which enables fine-tuning the degree of
transparency. This study, at the interface between physical optics and evolutionary
biology, sheds light on the evolution of transparency in aposematic mimetic lineages and
may promote bioinspired applications for transparent materials such as antireflective

devices.

Introduction

Lepidoptera (butterflies and moths) are characterized by large wings typically covered
by scales, as testified by the name of the order (after the ancient greek lepis - scale and
pteron - wing). Scales can contain pigments or generate interferential colours, thereby
producing colour patterns across the entire wing. Wing colour patterns are involved in
thermoregulation (Dufour et al. 2018; Heidrich et al. 2018), sexual selection (Kemp 2007)
and anti-predator defences, such as camouflage (Arias et al. 2019, 2020; Endler 1984),
masquerade (Skelhorn et al. 2010; Stoddard 2012), disruptive coloration, and deflection
of predator attacks (Stevens, Stubbins, and Hardman 2008). Another type of anti-predator
defence in Lepidoptera involving wing colour pattern is aposematism, where the presence
of secondary defences is advertised by the means of bright and contrasted colour
patterns. Because of the positive frequency-dependent selection incurred on aposematic
signals (Greenwood et al. 1989, Chouteau et al. 2016), aposematic species often engage in
Miillerian mimetic interactions, whereby species exposed to the same suite of predators

converge on the same colour pattern and form mimicry ‘rings’ (Miiller 1879). Co-mimetic
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70  species (species that share a common aposematic colour pattern) are often distantly
71  related, implying that the same colour pattern has evolved independently multiple times.
72 Among such co-mimetic Lepidopteran species, several studies using visual modelling
73 have shown that analogous colour patches (i. e., those occupying a similar position in the
74  wing and harbouring similar colour) cannot be discriminated by birds, believed to be the
75  main predators (Llaurens, Joron, and Théry 2014; Su, Lim, and Kunte 2015; Thurman and
76 Seymoure 2016). Therefore, mimicry selects for convergent colourations, as perceived by
77  predators.
78 Surprisingly, although most aposematic Lepidoptera species harbour brightly
79  coloured patterns, some unpalatable, aposematic species exhibit transparent wing areas
80 (McClure et al. 2019). In those species, wing colour pattern typically consists in a mosaic
81  of brightly coloured and transparent patches. Notably, in tropical America, many mimicry
82 rings are comprised of such transparent species (Beccaloni 1997; Elias et al. 2008;
83  Willmott et al. 2017). Mimicry among species harbouring transparent patches raises the
84  question of selection for convergence in optical properties, as perceived by predators, in
85 those transparent patches.
86 A related question is whether transparency in co-mimetic species is achieved by
87  the means of similar structural changes in wings and scales. Previous studies on a handful
88 of species (most of which are not aposematic) have revealed several, non-mutually
89  exclusive means to achieve transparency, through scale modification or scale shedding,
90  with the effect of reducing the total coverage of the chitin membrane by scales. Scales can
91 fall upon adult emergence (Yoshida et al. 1996); they can be reduced (Dushkina, Erten,
92 and Lakhtakia 2017; Perez Goodwyn et al. 2009) and even resemble bristle or hair
93  (Binetti et al. 2009; Hernandez-Chavarria, Hernandez, and Sittenfeld 2004; Perez
94  Goodwyn etal. 2009; Siddique, Gomard, and Holscher 2015); they can be either flat on the
95 membrane (Perez Goodwyn et al. 2009) or erected (Dushkina, Erten, and Lakhtakia 2017;
96 Perez Goodwyn et al. 2009), which also reduces effective membrane coverage by scales.
97 Reducing scale density could also make wings transparent to some extent (Perez
98  Goodwyn et al. 2009). Although this has not been reported in transparent lepidoptera,
99 transparent scales, such as those covering coloured scales in the opaque butterfly
100  Graphium sarpedon (Stavenga, Giraldo, and Leertouwer 2010), could also be a means to
101  achieve transparency. In addition to scale modifications, the presence of nanostructures

102  on the surface of the wing membrane may enhance transparency through the reduction
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103  of light reflection, by generating a gradient of refractive index between the chitin-made
104 membrane and the air (Binetti et al. 2009; Siddique, Gomard, and Hoélscher 2015; Yoshida
105 et al. 1997). Yet, so far, no study has compared the microstructures (scales) and
106  nanostructures present in transparent patches across co-mimetic species. Furthermore,
107  the diversity of structures described above may lead to a range of transparency efficacy.
108  Exploring the link between structural features and optical properties can shed light on
109  whether and how different structures might achieve similar degrees of transparency in
110  the context of mimicry.

111 Here, we investigate the convergence of transmission properties of transparent
112 areas among co-mimetic butterflies and moths and the structural bases of transparency
113 on 62 Neotropical transparent species, which belong to seven different Lepidoptera
114  families and represent 10 distinct mimicry rings. We characterize wing micro- and
115 nanostructures with digital microscopy and SEM imaging and measure transmission
116  properties of transparent patches using spectrophotometry. We implement comparative
117 analyses that account for phylogenetic relatedness, to (1) examine the putative
118 convergence of transparent patches in visual appearance as seen by bird predators, (2)
119  identify which structures are involved in transparency in the different co-mimetic species
120  and finally (3) explore the links between structural features and transmission properties
121  of transparent patches.

122
123
124
125 Results & Discussion

126

127  Convergence among co-mimics in visual appearance of transparent areas as seen
128 by bird predators

129  To assess whether transparent areas of co-mimetic species were under selection for
130  convergence due to mimicry, we tested whether these transparent areas, as perceived by
131  predators, were more similar among co-mimetic species than expected at random and
132 given the phylogeny. We used spectrophotometry to measure specular transmittance of
133 the transparent areas, which is a quantitative measurement of transparency. We applied
134  bird vision modelling on the resulting spectra and performed a PERMANOVA and a
135  phylogenetic MANOVA, respectively, on the coordinates in tetrahedral colour space and

136  luminance (which is perceived brightness), setting mimicry ring as factor. The results of

4
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137  the most ecologically relevant vision models (Lepidoptera viewed against a leaf in forest
138 shade) are presented in Table 1 but the other vision models yield similar results
139  (Supplementary table 1). We show that whether we control for phylogenetic relationship
140  ornot, predators see transparent patches among co-mimetic species as more similar than
141  among species that belong to different mimicry rings, mirroring what has been shown for
142 coloured patches in opaque species (Llaurens, Joron, and Théry 2014; Su, Lim, and Kunte
143 2015; Thurman and Seymoure 2016). The fact that the test remains significant with the
144  phylogenetic correction indicates that such similarity in transparent patches is due to
145  convergent evolution. When investigating separately the effects of achromatic aspects
146  (luminance) and chromatic aspects (tetrahedral coordinates x, y and z), the former appear
147  more significant than the latter (Table 1), suggesting that selection may act more on mean
148  transmittance (degree of transparency) than on colour. Overall, our results suggest that,
149  for mimetic Lepidoptera, transparent areas, especially the degree of transparency, are
150  under selection for convergence and are therefore part of the aposematic signal.

151

152  Diversity of structures involved in transparency

153  Convergence in transmission among co-mimetic species raises the question of the nature
154  and similarity of clearwing micro- and nanostructures among co-mimetic species. We
155  therefore explored the diversity of structures present in the transparent patches in the 62
156  species. We used digital photonic microscopy and SEM imaging to characterize the
157  structures present in the transparent zones (type, insertion, colour, length, width, and
158  density of scales; type and density of nanostructures; wing membrane thickness).

159 We find a diversity of microstructural features in transparent areas (Figure 1A). Scales
160 can be coloured (76% of species) or transparent (24%); they can be flat on the membrane
161  (16%) or erected (84%). Scales can be ‘standard’ (i. e., a two-dimension structure, 55% of
162  species), or hair-like (45%). Forked hair-like scales have been reported in the highly
163  transparent nymphalid species Greta oto (Binetti et al. 2009; Siddique, Gomard, and
164  Holscher 2015), which belongs to the mimetic butterfly Ithomiini tribe. In our dataset,
165  hair-like scales appear to be almost exclusively found in the Ithomiini tribe, although one
166  erebid species also harbours bristle-like scales. Erected scales (i. e, with a non-flat angle
167  between the scale basis and the wing membrane) have been previously reported in the
168 riodinid Chorinea sylphina (Dushkina, Erten, and Lakhtakia 2017) and in the nymphalid

169  Parantica sita (Perez Goodwyn et al. 2009). Here we describe, as Gomez et al. (2020, in
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170 review) did for the first time, some species with coloured erected scales that are
171  completely perpendicular to the wing membrane, such as in the ithomiine Methona
172 curvifascia. Transparent scales have already been reported in the opaque papilionid
173 Graphium sarpedon (Stavenga, Giraldo, and Leertouwer 2010) and as Gomez et al (2020,
174  in review) we are describing them for the first time in transparent Lepidoptera. Other
175  means of achieving transparency reported in the literature are not observed among our
176  species (e. g, wing membrane devoid of scales, Yoshida et al. 1996). However, our study
177  is restricted to mimetic transparent butterflies and, as such, spans a relatively small
178  number of families. An exhaustive study on all families comprising species with partially
179  or totally transparent wings is needed to investigate thoroughly the different structures
180  that might be involved in transparency.

181 We also reveal an unexpected diversity of nanostructures covering wing membrane
182  (Figure 1B). In our sample, we find five types of nanostructures: absent (10% of species),
183  maze (3%), nipple arrays (55%), pillars (21%), and moss (11%). While nipple arrays and
184  pillars have previously been described on the wing of the sphingid Cephonodes hylas
185  (Yoshida et al. 1997) and in the nymphalid G. oto (Binetti et al. 2009; Siddique, Gomard,
186  and Holscher 2015), respectively, maze-like nanostructures have only been reported on
187  the corneal surface of insect eyes (Blagodatski et al. 2015). Similarly, the moss type of
188  nanostructures is reported here for the first time. Those nanostructures can be related to
189  the classification proposed by Blagodatski et al. (2015): pillars are a subcategory of nipple
190 arrays, with higher and more densely packed nipples with an enlarged basis; moss-like
191  nanostructures are similar to dimples (holes embedded in a matrix), although with much
192  bigger and more profound holes. Nipples, mazes and dimples have been found to be
193  produced by Turing’s reaction-diffusion models, a solid framework that explains pattern
194  formation in biology (Turing 1952). While the principle of formation can be elegantly
195 modelled, developmental studies are needed to understand the process by which
196  nanostructures are laid on butterfly wing membrane.

197 Phylogenetic signal tests show that both micro- and nanostructure features are highly
198  conserved in the phylogeny (Figure 2, Supplementary Table 2), suggesting the existence
199  of constraints in the developmental pathways underlying micro- and nanostructures.
200 However, in the nymphalid tribe Ithomiini, which is highly represented is our dataset,

201  microstructures seem to be more conserved (all species but the basal species M.
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202  curvifascia only have hair-like scales in transparent areas) than nanostructures (all five
203  types of nanostructures, mixed in the Ithomiini clade).

204 There is a significant association between mimicry rings and structural features
205  (Fischer exact test on scale type and insertion and mimicry rings: p-value < 0.001 and
206  Fischer exact test on nanostructure type and mimicry ring: p-value < 0.001), meaning that
207  in some mimicry rings one type of micro- or nanostructures is more represented than in
208  other mimicry rings (Supplementary figure 1). For example, in the ‘panthyale’ and
209  ‘theudelinda’ mimicry rings, species have only hair-like scales and mostly pillar
210  nanostructures. In the ‘confusa’ mimicry ring, species often harbour erected scales (five
211 out of seven species) and do not have any nanostructure covering their wing membrane
212 (sixout of seven species). These associations may be either the result of common ancestry
213 or the result of convergence. For the ‘panthyale’ and ‘theudelinda’ mimicry rings, as
214  species tend to be closely related, their structures are likely inherited from a common
215  ancestor. For the ‘confusa’ mimicry ring, however, species are distantly related,
216  suggesting evolutionary convergence, even though we cannot rule out that the absence of
217  nanostructures may be ancestral and inherited from a common ancestor. Although
218  different structures can be involved in transparency for each mimicry ring, the structures
219  in transparent areas of co-mimetic species tend to be similar, and likely convergent in
220  some cases.

221 Mimicry rings are characterized by transmission properties of transparent areas,
222 mainly the degree of transparency, which is under selection for convergence. Are some
223 structures independently selected in different species belonging to some mimicry rings
224  because they confer a peculiar visual aspect, typical of the mimicry ring, and therefore
225  participating in the aposematic signal? This raises the question of the link between
226  transmission properties and structures in the transparent areas.

227

228 Link between structural features and transmission properties

229  To investigate whether transmission properties depend on the structures present in the
230 transparent zones we measured the specular transmittance of transparent areas of each
231  species with a goniospectrophotometer and we calculated the mean transmittance over
232 300-700nm, hereafter called mean transmittance, for each spectrum. We first confirmed
233 that the physical property 'mean transmittance’ (a proxy for the degree of transparency),

234  is correlated to what is perceived by predators (the x, y and z coordinates and luminance
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235  from visual models) performing a mixed linear model and a Phylogenetic Generalized
236  Least Square (PGLS) analysis (see Supplementary result 1 for details). Across the 62
237  species, mean transmittance ranges from 0.0284% in Eresia nauplius to 71.7% in Godyris
238  panthyale (mean: 29.2%, median: 31.6%, supplementary table 3). We performed
239  Phylogenetic Generalized Least Squares (PGLS) to assess the relationship between mean
240  transmittance and micro- and nanostructural features (type, insertion, colour, length,
241  width and density of scales; type and density of nanostructures; wing membrane
242  thickness; including some interactions), while accounting for phylogeny. We retained as
243 best models all models within 2 AICc units of the minimal AICc value. Following this
244  procedure, eight models were retained.

245 Mean transmittance depends mainly on scale type, scale density and
246 nanostructure density, and to a lesser extent on membrane thickness and scale colour
247  (Table 2, Supplementary table 4). The effect of scale type and insertion is retained in all
248  eight models and is significant in all of them. Wings covered with hair-like scales transmit
249  more light than those covered with standard scales (Figure 3A). Among wings covered
250  with standard scales, those with erected scales transmit more light than those with flat
251  scales. The effect of scale density is retained in the eight best models and is significant in
252 five of those (Supplementary table 4): mean transmittance decreases as scale density
253  increases. Mean transmittance thus increases when membrane coverage decreases (due
254  to reduced scale surface and/or scale density), because there is less material interacting
255  (reflecting, diffusing, or absorbing) with light. The effect of nanostructure density is
256  retained in six models and is significant in four of those: mean transmittance increases
257  when nanostructure density increases (Figure 3B). Light transmission is negatively
258  correlated to light reflection and nanostructures are known to have anti-reflective
259  properties, as demonstrated in the sphingid Cephonodes hylas (Yoshida et al. 1997) and
260  in the nymphalid G. oto (Siddique, Gomard, and Hoélscher 2015). Reflection increases as
261 the difference in refractive index between air and organic materials increases.
262  Nanostructures create a gradient of refractive index between air and wing tissue, and
263  gradient effectiveness in reducing reflection increases with gradient progressiveness. For
264  instance, pillars with conical basis are more effective at cancelling reflection than
265 cylinders because cones produce a smoother air:chitin gradient from air to wing than
266  cylinders (Siddique, Gomard, and Hoélscher 2015). Nanostructure shape is thus important

267 in creating a smooth gradient. In our case, nanostructure density is highly correlated to
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268 nanostructure type, which we have defined according to their shape (phylogenetic
269  ANOVA on nanostructure density with nanostructure type as factor: F = 26.26, p-value =
270  0.001, see supplementary result 2 for details): the nanostructures whose shape likely
271  creates the smoother gradient (pillar and moss) are also the denser ones. When
272 nanostructure density increases, light reflection thus decreases. Light can either be
273 transmitted, reflected or absorbed, and assuming that the chitin wing membrane only
274  absorbs a small amount of light between 300 and 700 nm (Stavenga et al. 2014), when
275  light reflection decreases, due to the presence of nanostructures, light transmission
276  necessarily increases, which explains the positive effect of nanostructure density on mean
277  transmittance.

278 The interaction between scale density and nanostructure density is retained in
279  three out of eight models and it is marginally significantly different from zero in two of
280  those three models (supplementary table 4). The coefficient is always negative, meaning
281  that the increase in light transmission due to the increase in nanostructure density is not
282  asstrong when scale density is high than when scale density is low. This suggests that the
283  contribution of nanostructures to transparency is stronger when scale density is low.
284  Selection can act on microstructures (scales) and nanostructures. As nanostructures seem
285 more labile than microstructures and allow fine-tuning of transparency, they could
286  therefore evolve more readily in response to selection on the degree of transparency. The
287 interplay between scales and nanostructures can thus modulate the degree of
288  transparency.

289 The effect of membrane thickness is retained in three out of eight models and is
290 significantly different from zero in one of them: light transmission decreases when
291  membrane thickness increases. Wing membrane is mainly made of chitin and given that
292  chitin absorbs a little amount of light (Stavenga et al. 2014), thicker membranes, which
293  contain more chitin, absorb more light than thinner ones, thereby reducing light
294  transmission.

295 Transparent scales, which do not contain pigments, transmit more light than
296  coloured ones, which contain pigments; a relationship which is retained in three out of
297 eight models and is marginally significantly different from zero in one model
298  (supplementary table 4). Pigments, such as melanin or ommochrome commonly found in
299  butterfly scales, absorb some part of the light spectrum, thereby reducing light

300 transmission.
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301 Other variables that were included in the model (scale length and width,
302 nanostructure type, the interaction between scale type and scale density and the triple
303 interaction between scale length, width and density) are not retained in any models
304  (Supplementary table 4). These results suggest that those variables might not have any
305 effect on transparency.

306 While we show a high structural diversity, future studies should thoroughly
307 quantify the relative contributions of micro and nanostructures on the produced optical
308 effects, notably on reflection in transparent areas.

309

310 Conclusion

311  Our comparative analysis on transparent mimetic Lepidoptera showed that the
312  transmission properties of transparent wing areas are convergent between co-mimetic
313  species, suggesting that visual features of transparent areas are part of the aposematic
314 signal. Despite an unexpected diversity of micro- and nanostructures underlying
315 transparency, these structures are more similar than expected at random among co-
316 mimetic species, perhaps because they confer typical visual aspects that are characteristic
317  of the aposematic signal of the different mimicry rings. The diversity of nanostructures
318 described may encourage bio-inspired applications for transparent materials.

319 This study challenges our vision on transparency, which might have evolved under
320 multiple selective pressures in aposematic butterflies. Transparency has been shown to
321  be involved in camouflage and to decrease detectability by predators (Arias et al. 2020),
322 even in aposematic species (Arias et al. 2019). Nevertheless, our results suggest that
323  transparent patches participate in the aposematic signal and that selection acts on the
324  transmission properties of these patches, mainly on the degree of transparency but also
325 on chromatic aspects. Therefore, transparent aposematic Lepidoptera benefit from a
326  double protection from predation, which can act at different distances (Barnett et al.
327  2018; Cuthill 2019; Tullberg, Merilaita, and Wiklund 2005). Transparent aposematic
328 species are less detectable than opaque species, but when detected they may be
329 recognized as an unpalatable prey due to their aposematic signal. However, transparency
330 entails strong structural modifications of scales that might impair other functions such as
331 thermoregulation (Berthier 2005) or hydrophobicity (Perez Goodwyn et al. 2009).
332  Transparency may therefore come at a cost in those large-winged insects, which may

333  explain why it is not pervasive among Lepidoptera.

10
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334  Materials & Methods

335  Material

336 In this study, we focus on 62 different species represented by 1 or 2 specimens collected
337  with hand nets in understory forests in Peru and Ecuador by ourselves and private
338 collectors (Supplementary table 5). They belong to 7 different families (Nymphalidae,
339 Riodinidae, Pieridae, Papilionidae, Erebidae, Notodontidae, Geometridae) and represent
340 10 different mimicry rings, following the classification used in Ithomiini: ‘agnosia’,
341 ‘aureliana’, ‘banjana-m’, ‘confusa’, ‘eurimedia’, ‘hewitsoni’, ‘lerida’, ‘panthyale’,
342  ‘theudelinda’ (Chazot et al. 2014; Willmott et al. 2017; Willmott and Mallet 2004). In
343  addition, we call ‘blue’ a mimicry ring that does not include Ithomiini species.

344

345  Phylogeny

346 We used both published and de novo sequences from one mitochondrial gene and seven
347 nuclear genes, representing a total length of 7433 bp to infer a molecular phylogeny. To
348 improve the phylogeny topology, we added 35 species representing 8 additional families
349  to the dataset (see Supplementary table 5 and SI). We performed a Bayesian inference of
350 the phylogeny using BEAST 1.8.3. We forced the monophyly of some groups and we added
351 eleven secondary calibration points (see Supplementary table 6) according to Kawahara
352 etal. (2019).

353

354  Spectrophotometry

355  Specular transmittance was measured over 300-700 nm, a range to which both birds and
356  butterflies are sensitive (Briscoe and Chittka 2001; Hart 2001) using a home-built
357 goniospectrophotometer (see SI for details). For each species, we measured five different
358  spots in the transparent areas on the ventral side of the forewing. We computed mean
359 transmittance over 300-700 nm from smoothen spectra using Pavo2 (Maia et al. 2019),
360 as a proxy for transparency: wing transparency increases as mean transmittance
361 increases. We ensured that all measurements were repeatable (see SI), and we considered
362 that any individual is representative of its species. One specimen per species was
363  therefore used in most subsequent analyses.

364

365  High-resolution imaging and structure characterization

366 We observed structures with a digital photonic microscope (Keyence VHX-5000) to
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367 determine scale type (standard scale vs. hair-like scale), scale colour (coloured vs.
368 transparent) and scale insertion (flat vs. erected) on ventral side. Wings were imaged in
369 SEM (Zeiss Auriga 40) to measure scale density, scale length and width, membrane
370 thickness, and nanostructure density (see SI for more details). As scale structural features
371  were shown to be repeatable (see SI) within species we used one specimen per species.
372

373  Vision models

374  We used bird vision modelling on the smoothened transmission spectra to test whether
375 transparent areas of comimetic species are perceived as similar by birds. Birds differ in
376  their sensitivity to UV wavelength: some are more sensitive to UV (UVS vision) than others
377 (VS vision). As predators of neotropical butterflies can belong to either category
378  (Dell’Aglio et al. 2018), we used Puffinus pacificus as a model for VS vision and Cyanistes
379  caeruleus as model for UVS vision. We considered different light environments differing
380 intheir intensity and spectral distribution: forest shade, woodland shade and large gap as
381 defined by Endler (1993). We also considered different viewing conditions: the
382 transparent patch of the butterfly could be seen against the sky (light is just transmitted
383  through the wing) or it could be seen against a leaf (light is transmitted through the wing,
384  thenreflected on the leaf and transmitted again through the wing). In total we calculated
385 12 different vision models, using R package Pavo 2 (Maia et al. 2019), depending on the
386 different combinations of bird visual system, light environment and viewing conditions.
387 We extracted the x, y and z coordinates in the tetrahedral colour space corresponding to
388  each smoothened spectrum in each vision model and the luminance (which corresponds
389  to perceived brightness).

390

391  Statistical analyses

392  All statistical analyses were performed with the software R version 3.6.2. (R Core Team
393 2019).

394 Convergence on optical properties

395 To assess whether transparent areas, as perceived by predators, were more similar than
396 expected at random and convergent among co-mimetic species, we performed a non-
397 parametric PERMANOVA (with the R package 'vegan' (Oksanen et al. 2019)) and a
398 phylogenetic MANOVA (which accounts for species relatedness with the R package

399 'geiger' (Pennell et al. 2014)) on the mean of each coordinate in the tetrahedral colour
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400  space and the luminance (i.e. the perceived brightness) across the five spots measured
401  (except for species belonging to the mimicry ring 'agnosia’ where we excluded the spot in
402  white band), with mimicry ring as the explanatory variable. To disentangle the effect of
403  chromatic aspects (x, y and z coordinates) and achromatic aspects (luminance), we also
404  performed a Kruskal-Wallis test and a phylogenetic ANOVA implemented in the R package
405  'phytools' (Revell 2012) on luminance and a PERMANOVA and a phylogenetic MANOVA
406  on the coordinates x, y and z with mimicry ring as factor, as described above.

407

408 Phylogenetic signal

409  To assess whether transmission properties and structural features were conserved in the
410 phylogeny, we estimated the phylogenetic signal of each variable. For quantitative
411  variable (mean transmittance, scale density, scale length, scale width, nanostructure
412  density and membrane thickness), we calculated both Pagel’s A (Pagel 1999) and
413  Blomberg’'s K (Blomberg, Garland, and Ives 2003) implemented in the R package
414  'phytools' (Revell 2012). For multicategorical variables (scale type and nanostructure
415  type), we used the delta statistic (Borges et al. 2019) and we compared it to the
416  distribution of values of delta when the trait is randomised along the phylogeny to
417  estimate whether the trait is randomly distributed along the phylogeny. Finally, for binary
418  variables (scale colour), we used Fritz and Purvis’ D (Fritz and Purvis 2010) implemented
419  in the R package ‘caper’ (Orme et al. 2018).

420

421 Association between structures and mimicry ring

422  We tested whether there was an association between some structure type (scale type and
423  nanostructure type) and mimicry ring by performing Fisher's exact.

424

425 Link between transparency (mean transmittance) and structures

426  To assess the link between structural features and the degree of transparency we only
427  used the spectrophotometric data of the points that correspond to the location of the SEM
428 images (between 1 and 3 points per species) and we calculated the average of mean
429  transmittance over 300-700 nm for each specimen. We tested the link between this
430 average mean transmittance and all the structural features we measured (scale type, scale
431  colour, scale density, scale length, scale width, nanostructure type, nanostructure density,

432  membrane thickness and the following interactions: interaction between scale type and
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433  scale density, interaction between scale density and nanostructure density and the triple
434  interaction between scale density, scale length and scale width) while controlling for
435  phylogenetic relationships by performing pgls implemented in the R package 'caper’
436  (Orme et al. 2018). We compared all possible models with all the structural variables, but
437  we prevented some variables from being in the same model because they were highly
438  correlated, using the R package 'MuMIn' (Barton 2019). Among the 308 models, we
439  selected the best models (difference in AICc inferior to 2). Eight such models were
440  retained.
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Table 1. Tests of convergence of transparent areas, as perceived by predators,

among co-mimetic species

Dependent test visual Statistic p-value
variable system
kkx
PERMANOVA VS F9=6.93 0.001 .
Uvs Fo = 6.88 0.001
e VS Fo = 3.05 0.001
-Fo=3. <0.
phylogenetic MANOVA approx-ts ok
A approx-Fo = 2.97 <0.001
*
PERMANOVA VS Fo=2.47 0.021 .
Uvs Fo=2.52 0.029
XyZ
phylogenetic MANOVA VS approx-Fo=2.11 0.063
UVvsS approx-Fo = 2.04 0.074 -
kkk
Kruskal Wallis VS Xo=309 <0.001 o
L Uvs X9=31.1 <0.001
kkx
phylogenetic ANOVA v Fo=7.26 0.001 o
uvs Fo=7.26 0.002

Results of the PERMANOVA, phylogenetic MANOVA, Kruskal Wallis test and phylogenetic
ANOVA to test the effect of mimicry rings on predator perception of wing transparent
areas. Variables x, y and z are the mean coordinates in the tetrahedral colour space of
transparent areas for each species and L is the mean luminance. For phylogenetic
analyses, p-value is calculated based on simulations. Results shown are those obtained
under the most ecologically relevant vision models (forest shade illuminant and

Lepidoptera viewed against a leaf).

Table 2. Link between structural features and mean transmittance over 300-

700nm.

Structural features Estimate  Std.Error tvalue p-value
Mean nanostructure density 1.078 0.383 2.815 0.006712 **
Mean scale density -0.006339 0.008515 -0.7444 0.4597

Scale type and insertion Hair vs.

Scale 6.898 1.513 4560 <0.001 *F**
Scale type and insertion Flat scale vs.

Erected scale 6.67 1.987  3.357 0.001423 **
Interaction between nanostructure

density and scale density -0.001357 0.0007831 -1.732 0.08875
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Results of the best PGLS model (Fs,56 = 26.65 (p-value <0.001 ***), AICc = 469.9, Radj? =
0.678, A = 0 (p-value < 0.001 ***)) linking mean transmittance and micro- and

nanostructure features.

20


https://doi.org/10.1101/2020.06.30.180612
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.30.180612; this version posted July 9, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

AR L Ly SN SV
SRR ARG 7Y

- A

- §
-
" S { A >

4 "*A\ 4‘2 @‘_
_,_.ﬁ; A

Vg
W,
!.>.. F

Figure 1. Diversity of micro- and nanostructures involved in transparency.

A. Diversity of microstructures. a. transparent scales of Hypocrita strigifera, b. erected
scales of Methona curvifascia and c. hair-like scales of Hypomenitis ortygia. Scale bars
represent 100 pm.
B. Diversity of nanostructures. a, b, ¢, d and e represent topviews and a’, b’, ¢’, d’ and €’
represent cross section of wing membrane. Scale bars represent 1 pm. a, a’. absence of
nanostructure in Methona curvifascia; b, b’. maze nanostructures of Megoleria orestilla; c,
c’. nipple nanostructures of Ithomiola floralis; d, d’. moss nanostructures of Oleria onega;
e, €. pillar nanostructures of Hypomenitis enigma. Each coloured frame corresponds to a
scale type or nanostructure type, as defined in figure 2.
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Figure 2. Phylogeny and distribution of traits along the phylogeny. Mimicry rings are

represented by a symbol and a specimen is given as example for each mimicry ring.
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Figure 3. Link between mean transmittance and structural features.
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A. Link between mean transmittance and scale type. B. Link between mean transmittance and nanostructure density and scale type.
NB. We considered the spot corresponding to the location of the SEM images for mean transmittance.
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