
fused wing scales (12), developmental biology studies suggest that the
primitive lepidopteran scale should be hollow because it originates from
a cylindrical hollow bristle (15, 57). Our data, however, show that
tarachopteran scales were fused and that early lepidopterans had a
type 1 bilayer scale covering. Theseobservations support the hypotheses
that fused wing scales and the type 1 bilayer scale arrangement are
groundplan features of Lepidoptera (8).

In summary, our study confirms that the earliest lepidopterans had
in their cover scales photonic structures that likely produced metallic
broadband colors via a combination of thin-film interference–like and
diffraction mechanisms. Our data also demonstrate that the type 1 bilayer
scale vestiture and herringbone crossribs (groundplan features of Lepi-
doptera) found in basal extant lepidopterans had already evolved by the
mid-Jurassic (Fig. 4). These findings have broader implications: The
widespread occurrence of wing scales in Jurassic lepidopterans and in
tarachopterans strongly suggests that wing scales (including some possibly
unknown morphotypes) were widespread in stem Amphiesmenoptera
before their apogee in the Lepidoptera. Given the presence of structural
coloration in these basal fossil lepidopterans, the advent of major lepi-

dopteran clades by the Cretaceous [but see the study of van Eldijket al.
(34)] raises the possibility that this taxonomic radiation may have been
accompanied by increased diversity in scale shape, microstructure, and
optical effects (Fig. 4). Future studies will characterize the optical re-
sponse of scale nanostructures in other fossil specimensand will provide
evidence for the presence of scale pigments in fossil lepidopterans to
inform models of the evolution of structural colors in lepidopterans.

MATERIALS AND METHODS
Materials and depository
The Burmese amber (NIGP164785 and NIGP164786) and Daohugou
(NIGP150462) specimens are deposited in the Nanjing Institute of
Geology and Palaeontology, Chinese Academy of Sciences; the spec-
imen from the United Kingdom (NHMUK In. 59397) is at the Natural
History Museum in London, and the archive image (fig. S1C) was taken
by P. York at the Natural History Museum; three specimens from
Germany (LGA968, LGA1500, and LGA2115) are at the Museum für
Naturkunde, Humboldt University; and the specimen from Kazakhstan

Fig. 4. Evolutionary history and paleodistribution of Amphiesmenoptera. (A) Simplified phylogeny of Amphiesmenoptera (47,55,56). (B) Paleogeographic distribution of
Jurassic lepidopterans on a Middle Jurassic (approximately 170 Ma ago) geographic map (60). Branches representing Lepidoptera are red. Gray vertical bars represent possible
wing vestiture apomorphies: 1, single-layer covering; 2, fused scale with simple microstructure; 3, ridges ending in apical scale margin; 4, fused scale with herringbone
crests; 5, type 1 bilayer covering; 6, ridges extending beyond apical scale margin; 7, scale arrangement clustered; 8, hollow scales present; 9, interridge plates present;
10, herringbone crests absent. Jurassic lepidopteran scales in clastic sediments are indicated with yellow vertical bars: 1, Early Jurassic of England (195 Ma ago); 2, Early Jurassic of
Grimmen, Germany (181.5 Ma ago); 3, Middle Jurassic of Daohugou, China (165 Ma ago); 4, Late Jurassic of Karatau, Kazakhstan (160 Ma ago).
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