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            Abstract
Diverse forms of nanoscale architecture generate structural colour and perform signalling functions within and between species. Structural colour is the result of the interference of light from approximately regular periodic structures; some structural disorder is, however, inevitable in biological organisms. Is this disorder functional and subject to evolutionary selection, or is it simply an unavoidable outcome of biological developmental processes? Here we show that disordered nanostructures enable flowers to produce visual signals that are salient to bees. These disordered nanostructures (identified in most major lineages of angiosperms) have distinct anatomies but convergent optical properties; they all produce angle-dependent scattered light, predominantly at short wavelengths (ultraviolet and blue). We manufactured artificial flowers with nanoscale structures that possessed tailored levels of disorder in order to investigate how foraging bumblebees respond to this optical effect. We conclude that floral nanostructures have evolved, on multiple independent occasions, an effective degree of relative spatial disorder that generates a photonic signature that is highly salient to insect pollinators.
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                    Figure 1: Floral grating-like structures in angiosperms.[image: ]


Figure 2: Optical and anatomical properties of cuticular striations.[image: ]


Figure 3: Disorder in artificial striations.[image: ]


Figure 4: Bumblebee responses to the blue halo.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Spectral reflectance curves.
aâ€“c, Individual reflectance spectra of the three flowers in Fig. 2 are shown at scattering angles of 10Â°, 20Â° and 30Â°, recorded in parallel and perpendicular planes (with respect to the direction of surface striations), relative to the reflection of a white standard. dâ€“f, Reflectance difference after subtracting parallel from perpendicular orientation measurements, revealing enhanced scattering for shorter wavelengths. a, d, A. aestivalis at negative angles; b, e, O. stricta reflectance reduced by a factor of ten to fit plot limits; c, f, H. trionum at negative angles.


Extended Data Figure 2 Optical response and anatomical parameters of petals with cuticular striations (P. mascula, L. purpurea, P. barrettiae, Tulipa â€˜Queen of the Nightâ€™ and L. aureus).
aâ€“e, Scattering measurements from flowers with differing degrees of disorder; P. mascula (a), L. purpurea (b), P. barrettiae (c), Tulipa â€˜Queen of the Nightâ€™ (d) and L. aureus (e). The images are two-dimensional plots showing the spectra of the scattered light in function of the sine-scale collection angle, relative to the location of the specular reflection (set to zero degrees). The intensity of the light is represented on a blueâ€“yellow colour scale. The left column shows the angle distribution of the scattered light in the plane perpendicular to the striation direction, whereas in the right column the direction of the striations is parallel to the plane of collection. The angle of light incidence is 45Â° for all measurements. The colour scale in the scattering plots (normalized to a white diffuser standard) is kept constant for the same flower, but varies from flower to flower. To emphasize the blue halo, the spectral region between 600 and 700â€‰nm (which is not perceived by the bees) is partially masked; horizontal dotted lines with downward arrows indicate the enhanced spectral region of the blue halo. fâ€“j, Angle-dependent spectral response mediated on the three bee photoreceptors. Each of the points in the graph corresponds to an integral over the measured spectrum at the corresponding collection angle, after it has been weighted by the normalized sensitivity curves of the three types of photoreceptors in bee eyes, ultraviolet (in violet), blue (in blue) and green (in green). The spectra in the planes perpendicular and parallel to the striation direction are reported as darker and lighter colours, respectively. See Methods for additional details. kâ€“o, Histograms of the measured striation parameters in terms of spacing and size (height and width), extracted from the TEM images, quantifying the amount of disorder.


Extended Data Figure 3 Optical response and anatomical parameters of petals with cuticular striations (U. speciosa, G. humifusum, O. stricta, A. aestivalis and M. lindleyii).
aâ€“c, j, k, Scattering measurements from flowers with differing degrees of disorder; U. speciosa (a), G. humifusum (b), O. stricta (c), A. aestivalis (j) and M. lindleyii (k). The images are two-dimensional plots showing the spectra of the scattered light in function of the collection angle, relative to the location of the specular reflection (set to zero degrees). The intensity of the light is represented on a blueâ€“yellow colour scale. The upper row for each species shows the angular distribution of the scattered light in the plane perpendicular to the striation direction, whereas in the lower row the direction of the striations is parallel to the plane of collection for a range of angles. For each flower, three sets of measurements are shown for the angles of light incidence onto the petals as reported in the figure (5Â°, 30Â° and 45Â°). The colour scale in the scattering plots is kept constant for each pair of sample orientations, but its maximum value varies from flower to flower and between angles of incidence: a, 0.6, 0.6, 0.8; b, 1.6, 2.0, 2.0; c, 1.3, 1.5, 1.8; j, 0.35, 0.4, 0.55; k, 0.68, 0.8, 1.2 (all normalized to a white diffuser standard). To emphasize the blue halo, the spectral region between 600 and 700â€‰nm (which is not perceived by the bees) is partially masked; horizontal dotted lines indicate the enhanced spectral region of the blue halo. d, f, h, l, n, The top plot on the right for each species reports the angle-dependent spectral response mediated by the three bee photoreceptors. Each of the points in the graph corresponds to an integral over the measured spectrum at the corresponding collection angle, after it has been weighted by the normalized sensitivity curves of the three types of photoreceptors in bee eyes, ultraviolet (in violet), blue (in blue) and green (in green). The spectra in the planes perpendicular and parallel to the striation direction are reported as darker and lighter colours, respectively. See Methods for additional details. e, g, i, m, o, Histograms of the measured striation parameters in terms of spacing and size (height and width), extracted from the TEM images, quantifying the amount of disorder.


Extended Data Figure 4 Repeated optical measurements of flowers.
Additional scattering measurements for flowers in which the effect is particularly hard to identify from the single batch of measurements presented in Fig. 2 and Extended Data Figs 2, 3. Datasets were collected separately for different years to analyse the effect multiple times for the same species. Some of the measurements show the effect of the halo better than others; for consistency, the main text presents only a single dataset, in which all the flowers had been measured recently with the same experimental setup. This figure introduces samples from additional datasets, with minor differences (mainly in terms of the intensity of the lamp and the angular resolution) between the experimental setups. aâ€“d, Scattering measurements from flowers with differing degrees of disorder; A. aestivalis (a), M. lindleyii (b), P. mascula (c) and U. speciosa (d). The images are two-dimensional plots showing the spectra of the scattered light in function of the sine-scale collection angle, relative to the location of the specular reflection (set to zero degrees). The left column shows the angle distribution of the scattered light in the plane perpendicular to the striation direction, whereas in the right column the direction of the striations is parallel to the plane of collection. The angle of light incidence is 45Â° for all measurements. The colour scale in the scattering plots is kept constant for the same flower, but it varies from flower to flower. To emphasize the blue halo, the spectral region between 600 and 700â€‰nm (which is not perceived by the bees) is partially masked; horizontal dotted lines with downward arrows indicate the enhanced spectral region of the blue halo. eâ€“h, Angle-dependent spectral response mediated on the three bee photoreceptors. See Methods for additional details.


Extended Data Figure 5 Simulated effect of disorder in cuticular striations for different flowers.
FDTD simulation of the scattering responses of rectangular gratings with parameters and disorder according to the measured flower parameters of A. aestivalis (a), G. humifusum (b), H. trionum (c), L. aureus (d), L. purpurea (e), M. lindleyii (f), O. stricta (g), P. mascula (h), P. barrettiae (i), Tulipa â€˜Queen of the Nightâ€™(j) and U. speciosa (k). The intensity of the light is represented on a blueâ€“yellow colour scale. The bands denoted by stars (aâ€“c, f), containing the zero-order reflections, were reduced in intensity by a factor of three compared to the other regions of the graph. The additional graphs (lâ€“s, grey box) demonstrate the process of averaging individual results to reveal the representative scattering pattern associated with the corresponding amount of disorder. These graphs contain the FDTD simulation results of rectangular gratings with dimensions equivalent to the H. trionum parameters, as in Fig. 3 (730â€‰nm height, 730â€‰nm width, 1,300â€‰nm spacing; standard deviations: 0.27 height, 0.16 width and 0.29 spacing). lâ€“o, Scattering plots of individual FDTD simulation results (as described in Methods). p, Average of scattering plots in lâ€“o. The reduction in first-order interference and the appearance of a blue halo can be observed using a small sample number, but they become representative only when using averages of larger sample numbers, as in q (20Ã—), r (40Ã—) and s (60Ã—). This observation also confirms that it is necessary to average a number of measurements taken at the same configuration or to illuminate a large area, in order to capture the colour-dependent scattering in a real flower petal with disorder. Depending on the size of the illuminated area, the measurement of a semi-disordered surface may have a similar appearance to the averages shown here, or appear randomly pixelated17. The minimum illuminated area required to observe representative distributions on flower petals is smaller than that required for the artificial samples, because natural striations vary slightly in their direction of propagation, whereas our artificial lines remained strictly parallel (providing less parameter variation for the same 2D area).


Extended Data Figure 6 The effect of pigmentation on flower optical response.
aâ€“f, Optical measurements at 45Â° angle of incident light are presented for an M. lindleyii flower petal (aâ€“c) and its peeled-off epidermal layer (dâ€“f). For the entire petal (a, b), UV and yellow pigment colouration is visible at all angles and in both scanning directions (perpendicular and parallel to the direction of the striations). This produces high relative values for the UV receptor and green receptor, respectively (c). For colours corresponding to all three photoreceptors, more light is scattered perpendicular to the striations than parallel to them. At the same time, the overlapping optical signal of pigmentation makes it hard to recognize the colour trend of the surface-scattered light (the blue halo). When measuring the optical response of the striations on only the peeled-off epidermis, however, most pigments have been removed and the scattering collected perpendicularly to the striations (d) is caused by the structure itself. Almost no scattering is observed outside of the specular reflection when measuring parallel to the striation direction on peeled-off epidermis (e). In this case, the colouration of the halo becomes more apparent. The scattered light is enhanced in the low-wavelength (blueâ€“UV) region and is most intense between âˆ’25Â° and +25Â° (f). iâ€“l, To provide a qualitative comparison for the colouration effect observed on the peeled epidermis, we prepared a set of simulation results (using H. trionum parameters) in the same bee-receptor plot (grey box). Angle-dependent spectral response mediated on the three bee photoreceptors (gâ€“i) in the simulations with H. trionum-derived parameters (jâ€“l), with varying degrees of disorder (g, j, ordered; h, k, 1Ã— natural disorder; i, l, 2Ã— natural disorder). As a result of the subtlety of the halo colouration and the overlapping spectral sensitivity of bee photoreceptors, the relative intensity differences between receptor values are small and decrease with increasing disorder beyond those values found in actual flower species. To emphasize the blue halo in the scattering plots (a, b, d, e, jâ€“l), the spectral region between 600 and 700â€‰nm (which is not perceived by the bees) is partially masked; horizontal dotted lines with downward arrows indicate the enhanced spectral region of the blue halo.


Extended Data Figure 7 Artificial flowers used in behavioural experiments, appearance of yellow and blue pigmented test-squares and examples of flowers with a blue halo effect visible to the human eye.
aâ€“d, The blue halo effect is best seen by the human eye on a dark pigmented background. Ursinia calendulifolia (a, b) and H. trionum (c, d) flowers present a striated epidermis at the base of their petals, which overlaps with a darkly pigmented zone. Anthocyanin pigment produces the dark purple colour and disordered striations produce the blue halo effect, visible at the base of the ray florets (b) or the proximal region of the petals (d). e, Schematic representation of artificial flower used in differential conditioning experiments (depicted with a yellow pigmented test-square) and photograph of a bee feeding on such a flower (with a black, perfectly iridescent test-square). Rewards or punishment are presented in the lid of the black Eppendorf tube. f, Yellow test-squares with a smooth surface (Sm) or overlain by a manufactured disordered structure (Di) are hardly discernible from one another, even if the observation angle varies. g, Schematic representation of artificial flower used in the foraging speed experiment (depicted with a yellow test-square) and photograph of a marked forager feeding on such a flower (with a black, perfectly iridescent test-square). h, Blue test-squares with a smooth surface or overlain by a manufactured disordered structure (as in g) appear identical to one another at some angles but at other angles they display distinct shades and intensities of blue. Image in a, b taken by H. Rice.


Extended Data Figure 8 Angular components of the photonic effect of striations and role of height levels in disordered gratings.
FDTD simulation spectra of rectangular gratings corresponding to H. trionum parameters, as in Fig. 3 (730â€‰nm height, 730â€‰nm width, 1,300â€‰nm spacing). a, Specular reflection in the angular range from â€“2Â° to +2Â°, relative to the normal angle of incidence. b, Region of the blue halo between the specular reflection and the diffraction order peaks from â€“10Â° to +10Â°, excluding the region of specular reflection. This region was smaller than the full extent of the halo (which covers roughly between â€“20Â° and +20Â°) to avoid overlap with diffraction orders. c, Region spanning a large angular range from â€“40Â° to +40Â°, excluding the regions of a and b. This region contains the shorter wavelength parts of the first diffraction orders and the angles next to the high-intensity region of the blue halo. The change of the spectrum in the respective angular region is shown in aâ€“c, with increasing disorder ranging from 0 (no disorder) through 1 (disorder corresponding to H. trionum parameters, standard deviations: 0.27 height, 0.16 width, 0.29 spacing) to 2, twice the standard deviation of natural disorder of H. trionum. dâ€“f, Spectral response for the same three angular intervals as in aâ€“c, together with the total amount of reflected light for one implementation of disorder each: no disorder (d), H. trionum levels of disorder (e), twice the disorder of H. trionum (f). The reduction in specular reflection can be observed in a, along with the reduction in thin film interference caused by the grating quasi-layer of intermediate refractive index. The fast rise of the blue halo for increasing disorder, and the stability of the effect for a wide range of disorder values, is shown in b. The quick decay of the first order diffraction components can be observed in c, along with the increased long-wavelength scattering response in this angular region. Note that the light reflected into this region is spread out over an angular range more than four times as large as the interval in b, reducing the scattered light intensity per viewing angle. The scattering response for incremental increases of striation disorder in e and f demonstrate the robustness of the blue halo effect with respect to the amount of disorder present in the striations. g, h, FDTD simulation results that reveal the role of height levels in disordered gratings. Simulation results are shown for rectangular gratings corresponding to the H. trionum parameters, as in Fig. 3 (730â€‰nm height, 730â€‰nm width, 1,300â€‰nm spacing; standard deviations: 0.16 width and 0.29 spacing). g, Simulation without variation in height. The quasi-layer containing both air and grating teeth has an effective intermediate refractive index and results in thin film interference fringes. h, Simulation with one intermediate height level introduced at random in 40% of positions in the grating reduces thin-film interference and the colouration this causes. The artificial disordered gratings were manufactured by e-beam lithography from a thin film, which does not allow continuous variation in height.


Extended Data Figure 9 Behaviour of individual foragers during differential conditioning experiments.
a, Learning curve of five bees choosing from among six black smooth artificial flowers (three punishing and three rewarding). Empty circles, mean proportion of bees making a correct choice, for each 80 successive choices. White curve, fitted binomial logistic model with green shading showing 95% confidence intervals on the fitted response. The Ï‡2 statistic and P value for the likelihood ratio test (assessing whether foragers can learn) are given at the bottom right of the panel. b, As in a, but showing the learning curves of each individual. The frequency of correct choice (rewarding flower) is calculated for every ten visits. None of the five foragers used in this experiment successfully managed to identify the rewarding flowers accurately even after 80 visits. c, Learning curve of ten individual bees choosing between black smooth and black disordered artificial flowers, as in Fig. 4b. The frequency of correct choice (rewarding flower) is calculated for every ten visits. d, As in c, but with bees choosing between black smooth and black ordered artificial flowers, as in Fig. 4c. e, As in c, but with ten bees choosing between yellow smooth and yellow disordered artificial flowers, as in Fig. 4d. f, As in c, but with 11 bees choosing between blue smooth and blue disordered artificial flowers, as in Fig. 4e.
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