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UV wing patterns in saturniid moths: diversity and mechanisms

Cédric Finet*, Yuqgi Weng, Brian Hanotte* and Antonia Monteiro*

ABSTRACT

Ultraviolet wing patterns are commonly used for intra- and inter-
species communication in butterflies. However, as moths have distinct
wing resting positions and crepuscular or nocturnal lifestyles, findings
in butterflies might not be generalizable to all Lepidoptera. Here, we
investigated the location, size and UV reflectance of wing patterns in
both sexes of three species of saturniid moths using UV photography.
We also investigated the UV reflection mechanisms at the level of
individual scales using microspectrophotometry and focused-ion beam
scanning electron microscopy. We found that female wings are more
UV reflective than male wings and ventral surfaces are more reflective
than dorsal surfaces, which is the opposite of what is generally
seen in butterflies. The same trend was observed for UV area
with an expansion of size in females and ventral wing surfaces. The
mechanisms of UV reflection, however, seem to be conserved
between saturniid moths and nymphalid butterflies, but not pierids.
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INTRODUCTION
Animal communication in the ultraviolet (UV) spans a broad range of
biological functions. For instance, male lizards use UV throat signals
to communicate dominance and to ward off rivals (Fleishman et al.,
2011), fiddler crabs use UV signals to select mates (Detto and
Backwell, 2009) and yellow damselfish discriminate each other via
subtle differences in UV-reflective face patterns (Siebeck et al., 2010).
Butterflies also display a range of UV wing patterns that are used both
in inter- and intra-specific communication. For example, male Colias
spp. butterflies use dorsal iridescent UV reflectance in sexual
discrimination because females lack this UV signal (Silberglied and
Taylor, 1978) and use this male signal in mate assessment (Papke
etal., 2007). Both male and female Heliconius spp. butterflies use the
UV signal in ventral yellow wing bands primarily to recognize and
approach conspecifics (Finkbeiner et al., 2017). Female Bicyclus
anynana rely on the small white reflective eyespot centers, including
the UV light, found in male forewings to accept them as mates
(Robertson and Monteiro, 2005), whereas males use the same signal
on ventral and dorsal surfaces of female forewings to accept them as
mates (Prudic et al., 2011; Hugq et al., 2019). Female Eurema hecabe
butterflies prefer males with brighter UV reflectance on most of their
dorsal wing surfaces (Kemp, 2008).

UV butterfly wing patterns can be the result of cuticular nano- and
microstructures interacting with light, the absence of UV-absorbing

Biological Sciences, National University of Singapore, Singapore 117543,
Singapore.

*Authors for correspondence (cedric.finet@ens-lyon.org; 066957 1@u.nus.edu;
antonia.monteiro@nus.edu.sg)

C.F., 0000-0003-4196-9064; Y.W., 0009-0006-7338-0640; A.M., 0000-0001-
9696-459X

Received 18 September 2025; Accepted 19 December 2025

pigments, or a combination of both (recently reviewed in Stella and
Kleisner (2022)). In pierids, such as Colias spp., the ridges of the
wing scales are modified into a series of layered lamellae that act as
UV reflectors (Ghiradella et al., 1972; Ghiradella, 1989; Wilts et al.,
2011; Ficarrotta et al., 2023) and UV colour saturation is enhanced
via pterins that absorb adjacent blue and green wavelengths
(Rutowski et al., 2005; Wilts et al., 2011). In Heliconius spp., the
yellow pigment 3-hydroxy-pL-kynurenine (3-OHK) absorbs light
primarily in the blue wavelength range and less in the UV, leaving a
minor reflectance band in the UV (Briscoe et al., 2010). In the
nymphalid B. anynana, the white scales in eyespot centers reflect UV
light via scattering (Monteiro et al., 2015), while exhibiting an
archetypal structure (Matsuoka and Monteiro, 2018), whereas the
silver scales in the same species act as broadband reflectors, including
of UV light, via their bilaminate nanostructures with a sandwiched air
layer (Ren et al., 2020; Prakash et al., 2022).

The biology of UV wing patterns remains substantially less
studied in moths despite being documented by early authors
(Mazokhin-Porshniakov, 1957; Eguchi and Meyer-Rochow, 1983).
A broad survey of Finnish moths (>700 species) found that 78% of
males and females exhibit UV wing patterns (Lyytinen et al., 2004),
and a similar approach for moths occurring in the British Isles found
that nocturnal species reflect significantly more UV than diurnal
(Cane et al., 2018), although these studies did not look into the
prevalence of sex-specific, wing-specific or surface-specific
distributions of these signals. In the present study, we explore the
patterning and the structural basis of the UV reflectance in large
population samples of three saturniid moths: the Atlas moth
(Attacus atlas), the Chinese oak tussar moth (4ntheraea pernyi) and
the Ailanthus silkmoth (Samia cynthia). All three species belong to
the family Saturniidae, yet they represent different genera, providing
phylogenetic breadth within a single, well-defined lineage. These
species are also divergent in terms of geography and ecology. The
large, short-lived Atlas moth occurs in tropical and subtropical
forests in South and Southeast Asia, and inhabits warm, humid and
aseasonal niches. The Chinese oak tussar moth, which is semi-
domesticated for the production of wild silk, is found in temperate
and subtropical deciduous forests in China and East Asia, and faces
strong seasonality and often overwinters in diapause. Native to
temperate Asia, the Ailanthus silkmoth is now widely distributed
and common in urban or disturbed areas; it copes with marked
seasonality and is highly adaptable, often thriving near people. The
combination of phylogenetic relatedness and contrasting habitat
preferences, thermal environments and life-history strategies makes
these species an ideal trio to address how environmental and
evolutionary pressures shape physiological adaptations such as UV
reflection. We applied calibrated UV digital photography, followed
by quantification, to characterize and compare the wing UV
reflectance within species (between the sexes, fore and hindwings,
and dorsal and ventral surfaces) and between species. We then used
microspectrophotometry (MSP) and focused-ion beam scanning
electron microscopy (SEM) to investigate mechanisms of UV
reflection at the level of individual scales.
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MATERIALS AND METHODS

Biological samples

Specimens of Antheraea pernyi (Guérin-Méneville 1855) (15 males,
15 females), Attacus atlas (Linnaeus 1758) (16 males, 15 females) and
Samia cynthia (Drury 1773) (15 males, 15 females), were purchased
from the company TimeToBreed (https:/www.timetobreed.com), a
licensed commercial breeder and distributor of both live and dead
Lepidoptera. All specimens were newly eclosed of grade A, with no
wing damage.

Digital UV photography

Wings isolated from the body were pinned on a Styrofoam
support and illuminated with UV light using a 15 W/100 Im
UVA bulb (320400 nm). Images were taken with a Nikon
D7100 DSLR camera equipped with a 105 mm f/4 UV-Micro-
Apo Coastal Optical lens and a Baader U-filter (ZWL 350 nm)
(Baader Planetarium). Two diffuse reflectance standards
composed of spectralon with a 2% and 99% UV reflectance over
the UV-VIS-NIR spectrum (Labsphere, NH, USA) were used for
calibration.

Photograph processing

We photographed wings from individual specimens, on dorsal
and ventral sides, and processed the photos by largely following
the protocol recommended in Napoleone et al. (2022). To identify
overexposed or underexposed photos, we used the open-source
software RAWTherapee v. 5.1 (https:/rawtherapee.com/). The
‘neutral’ processing profile was chosen to minimize exposure
compensation, which is when the camera automatically adjusts the
exposure in challenging lighting conditions.

Photographs were analysed with the open-source software
Fiji version 2.30 (Schindelin et al., 2012). The NEF files
(Nikon’s RAW file format) were opened with the micaToolbox
version 2.2.2 plugin (van den Berg et al., 2020) available from
Empirical Imaging (https:/www.empiricalimaging.com/). While
importing the RAW file (Plugins>micaTool>Tools>DCRAW
Import), we selected ‘Auto-level brightness’, which keeps
the pixel values unaffected and unchecked ‘Camera white
balance’, which can produce a higher ratio between the brightest
and darkest parts of an image (dynamic range). The photograph’s
color channels were split and we kept the green channel, which
offered the best contrast.

UV reflectance calculation

Using the polygon selection tool in Fiji, we selected the region of
interest (ROI) of the wing, and we measured the mean pixel values
within the ROI. We repeated the procedure for both the white and
the black standards by moving the same polygon selection tool. For
each wing region and standard, we carried out three independent
measurements at three non-overlapping locations within the region.
Wing region pixel values were compared with those of the white and
black standards of known reflectance in the same photograph using
the formula:

—(by—c-b
ROI reflectance = M, (1)
c
wp—bp . , :
where ¢ = e B fis the ROI’s measured mean pixel value, by,
wo; — by,

is the black standard’s mean pixel value, b, is the black standard’s
percentage reflectance (2%), w, is the white standard’s mean
pixel value and wo, is the white standard’s percentage reflectance
(99%).

Percentage area of UV reflectance calculation

Using the freehand selection tool in Fiji, we delineated the entire
wing and applied a threshold based on f values for a ROI of 10%
(lower threshold level) and 100% (upper threshold level). The areas
reflecting at least 10% of UV light were selected and added to the
ROI Manager in Fiji using the ‘Analyze particles’ function. The
percentage wing area reflecting at least 10% of UV light appeared in
the summary table.

Microspectrophotometry

Individual scales were mounted on a glass slide and reflectance
spectra were acquired with a microspectrophotometer utilizing a
mercury—xenon light source (Thorlabs, NJ, USA) connected to a
uSight-2000-Ni microspectrophotometer (Technospex, Singapore),
using an Avantes RS-2 mirror tile as a light reference. The
microscope’s Nikon TU Plan Fluor objectives 20x (NA=0.5) and
100x (NA=0.9) were used to measure average scale reflectance and
ridge or inter-ridge reflectance, respectively. Each measurement
was averaged ten times over an integration time of 100 ms.
Absorbance spectra were measured using the same setup with the
20x objective, except that the individual scales were mounted on a
glass slide, covered with a coverslip, and immersed in clove oil
(Hayashi Pure Chemical Ind.), which is a refractive index matching
medium for chitin. A transparent area of the covered glass region
with clove oil was used as the reference. Both reflectance and
absorbance spectra were obtained by averaging three measurements
taken at different locations on the same sample. Analysis and
spectral plots were done using the R package pavo 2 (https:/CRAN.
R-project.org/package=pavo; Maia et al., 2019).

Optical imaging

Images of individual scales were recorded using the 20x objective of
the same microspectrophotometer setup and a ToupTek U3CMOS-
05 camera. Scales were individually mounted on a glass slide without
a coverslip, and images were taken at different focal planes.
Z-stacking was performed using the extended depth of focus
function (Process>EDF) in ToupView software (ToupTek).
‘Maximum contrast’ with default settings, followed by ‘no auto
Align’, was used as the EDF method.

Scanning electron microscopy and measurements

Samples were mounted on carbon tape and sputter coated (JEOL
JFC-1600) with platinum for 30 s at 30 mA. Samples were imaged
using a FEI Versa 3D with the following parameters: voltage,
10 kV; current, 23 pA. Cross sections of wing scales were obtained
by focused ion beam (FIB) milling using the gallium ion beam of
the FEI Versa 3D with the following parameters: beam voltage,
8 kV; beam current, 12 pA; tilt, 52 deg. Scale measurements were
taken from SEM images using the line tool implemented in Fiji
(Schindelin et al., 2012). Thicknesses were measured from FIB-
SEM images using the same tool and corrected for tilted perspective
(measured thickness/sin 52 deg) (Villinger et al., 2012). For each
scale type, multiple measurements were taken per scale (n=20 for
the distance ridge—ridge, n=50 for the distance crossrib—crossrib,
n=10 for the lower lamina thickness, n=10 for the ridge height) with
five scales sampled from one individual.

Statistical analysis

UV reflectance and UV area

We tested whether UV reflectance and UV area were different across
sex, wing identity (forewing versus hindwing) and wing surface
(dorsal versus ventral). A generalized linear mixed-effects model
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(GLMM) was conducted to test how sex, wing identity and
wing surface (as main fixed factors) and their interactions
impacted UV reflectance or UV area (the dependent factors). Data
for the three species were analyzed together with species considered a
random factor, i.e. the final models were: UV reflectance (or UV
area)~sex *wing identity*wing surface+(1|species). We ran a GLMM
using the function glmer in the R package /me4 (https:/CRAN.R-
project.org/package=lme4; Bates et al., 2015). We opted for a gamma
distribution which is best for continuous, non-normally distributed
data, and we set up the nAGQ argument, i.e. the number of points per
axis for evaluating the adaptive Gauss—Hermite approximation to the
log-likelihood, to 50 which is recommended for small sample sizes.
Once the GLMM model was fitted to our data, we ran the model with
Type II sums of squares, which is recommended for unbalanced data,
using the Anova function in the R package car (https:/CRAN.R-
project.org/package=car; Fox and Weisberg, 2019). Adjusted P-values
for different pairwise comparisons were obtained by the Bonferroni
post hoc test using the R package emmeans (https:/CRAN.R-project.
org/package=emmeans; Lenth, 2025). Tukey contrasts were obtained
using the R package multcompView (https:/CRAN.R-project.org/
package=multcompView). Violin plots were generated using the R
package ggplot2 (https:/cran.r-project.org/src/contrib/Archive/ggplot/;
Wickham, 2016), and the factor analysis of mixed data (FAMD) plots
were generated with the R packages FactoMineR (https:/CRAN.R-
project.org/package=FactoMineR; Lé et al., 2008) and factoextra
(https:/CRAN.R-project.org/package=factoextra).

Scale morphology

We compared the morphology of UV scales with adjacent non-UV
scales within species by measuring mean ridge-ridge distance,
crossrib—crossrib distance, lower lamina thickness, and ridge height.
Owing to the multilevel context of the datasets, we ran linear mixed-
effects (LME) models using the R package n/me (https:/CRAN.R-
project.org/package=nlme; Pinheiro et al., 2023), which allows for
fixed and random effects. Scale type was treated as the fixed factor
and scale replicate nested within individual as a random factor. The
lack of homogeneity of variances among scale types prompted us to
use the varldent function in the n/me package. Akaike information
criterion (AIC) was used to compare different models and determine
which one was the best for the data. Adjusted P-values for multiple
pairwise comparisons were obtained by the Bonferroni post hoc test
with Tukey contrasts using the R package multcomp (https:/CRAN.
R-project.org/package=multcomp; Hothorn et al., 2008).

RESULTS

Diversity of UV reflection patterns in Saturniidae

UV reflection was observed in the three species of saturniid moths we
investigated. 4. atlas has qualitatively similar patterns across the sexes
(Fig. 1, males; Fig. S1, females), albeit the breadth of the UV
reflective regions varies between males and females (Fig. S2). On the
dorsal surface, UV light is reflected by the costal margin (forewing
and hindwing), the apex (forewing only), ring of marginal eyespot,
marginal chevrons, marginal band, discal triangular window, and the
proximal and distal white and pink bands of the central symmetry
system (CSS) (Figs 1, 2A,B, and Fig. S1). The ventral surfaces exhibit
similar UV patterns, but with broader distal bands of the CSS and
forewing apices (Fig. 1, Figs S1 and S2).

In male S. cynthia, UV light is dorsally reflected by the apex
(forewing only), the marginal eyespot ring, anterior marginal band,
crescent-shaped transparent discal spots, and the proximal and distal
bands of the CSS (Figs 1 and 2A,C). The ventral side showed
similar UV patterns but lacked the proximal bands of the CSS

(Fig. 1). Except for the size of some UV reflective regions (Fig. S2),
no qualitative difference was observed between S. cynthia males and
females (Fig. S1).

In male A. pernyi, UV light is dorsally reflected by the costal
margin (forewing only), a white marginal band stretching into
the forewing apex, discal eyespot centers and proximal half of the
eyespot outer ring (Figs 1 and 2A,D—F). The ventral sides of the
wing exhibit similar UV patterns but have a broader marginal band
and more sculpted chevrons along the margin in both forewings
and hindwings (Fig. 1 and Fig. S2). UV reflective regions do not
substantially differ between 4. pernyi males and females, except
for the ventral hindwing marginal band, which is wider in females
(Figs S1 and S2).

UV reflectance

In order to test for differences in UV reflectance between sexes,
wing identities (forewing versus hindwing) and wing surfaces
(dorsal versus ventral), we averaged the 4-6 most UV reflective
regions for each type of wing and compared reflectance across the
three saturniid species. We found that UV reflectance differed
significantly across the sexes and wing surfaces, as there was also a
significant interaction between wing identity and wing surface
(Table S1). Wing identity, however, was not a significant predictor
of UV reflectance (Table S1).

UV reflectance is sexually dimorphic. When averaged over species,
UV reflectance was significantly higher in females compared with
males (GLMM, P<0.0001) (Fig. S3A and Table S2). Whereas
females exhibited significantly higher UV reflectance than males
in both 4. atlas (post hoc test from GLMM: adjusted P<0.0001) and
A. pernyi (post hoc test from GLMM: adjusted P<0.0001) (Fig. 3A
and Table S2), UV reflectance was not significantly different between
males and females in S. cynthia (post hoc test from GLMM: adjusted
P=0.15) (Fig. 3A and Table S2).

We found that UV reflectance did not differ between forewings
and hindwings (Fig. 3B, Fig. S3B and Table S2).

Ventral surfaces are more UV-reflective than dorsal surfaces
when the three species are analyzed together (GLMM, P<0.0001)
(Fig. S3C and Table S2). This difference was mostly driven by
A. atlas (post hoc test from GLMM: adjusted P<0.0001), whereas
the reflectance did not differ between wing sides in A. pernyi
(post hoc test from GLMM: adjusted P=0.81) and S. cynthia (post
hoc test from GLMM: adjusted P=0.99) (Fig. 3C and Table S2).

UV wing pattern area

In order to test for differences in UV reflective patch area between
sexes, wing identities and wing surfaces, we isolated areas that
reflected at least 10% of UV light across the different conditions to
compare across individuals. We found that sex and wing surface had
statistically significant effects on UV reflectance (Table S3). Wing
identity, however, was not a significant predictor of UV area
(Table S3).

The total UV reflective area was larger in females than in males
when the three species were analyzed together (GLMM, P<0.0001)
(Fig. S4A and Table S4). This was the case for both 4. atlas (post hoc
tests from GLMM: adjusted P<0.0001) and 4. pernyi ( post hoc tests
from GLMM: adjusted P<0.0001) (Fig. 4A and Table S4). In S.
cynthia, however, UV area did not differ between male and female
wings (post hoc tests from GLMM: adjusted P=0.17) (Fig. 4A and
Table S4). We found that the total UV reflective area did not differ
between forewings and hindwings (Fig. 4B, Fig. S4B and Table S4).

The dorsal surface had consistently smaller UV patches than the
ventral surface when the three species were analyzed together
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Fig. 1. UV iridescence in three male saturniid

A
A pex species investigated in this study. (A) Moth
c wing nomenclature used in this study. (B) Each
osta composite panel depicts dorsal and ventral
Marginal images of the same individual under white light
eyespot (left half) and UV light (right half, black
background). Scale bars: 1 cm.
Discal eyespot
or chevron
. Distal band
Proximal band
B Dorsal Ventral
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(GLMM, P<0.0001) (Fig. S4C and Table S4), as well as separately
(post hoc test from GLMM: adjusted P<0.0001) (Fig. 4C and
Table S4).

Optical properties of UV and non-UV reflective scales

We noticed a clear difference in coloration between the UV
reflective scales, which were consistently silvery, and the adjacent
orange non-UV reflective scales in the apices of all three species
(Figs 2B-D, 5SA-C,A’—C"), suggesting that low pigmentation may
favor UV reflection. In addition, in A. pernyi dorsal eyespots, half
of the outer ring had white UV reflective scales, whereas the other
half had darker non-UV reflective scales (Figs 2E, 5D,D"). In order

to investigate how pigments impacted UV reflectance, we measured
the absorbance of individual scales sampled from these locations as
a proxy for pigment levels. All UV reflective scales exhibited
low pigmentation levels, as measured from very low absorbance
(Fig. 5A"-D"). By contrast, non-UV reflective scales absorbed
visible light primarily in the wavelength range of 400-550 nm,
which is consistent with their orange coloration.

In order to quantify scale reflectance and identify the regions of
the scale responsible for the UV signal, we conducted reflectance
measurements of individual scales at low and high magnification.
At low magnification (20x), all UV reflective scales exhibited a
reflectance peak in UVA (~330 nm) and broadband reflectance
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Forewing
eyespot

between 380 and 700 nm (Fig. S5). All non-UV reflective scales
had a similar spectrum, but with a substantial lower intensity in
the 330-600 nm wavelength range. This difference in intensity
disappeared above 600 nm where both UV and non-UV scales
reflected ~7% of the light. At higher magnification (100x), the
scale’s upper surface appears as a grid of prominent, parallel
longitudinal ridges and transverse crossribs that define open
windows. We separately measured the light reflected by single
ridges and interridge regions centered on the windows. In non-UV
reflective scales, these two regions had similar reflectance spectra
(Fig. SA”-D"). In UV-reflective scales, the ridges scattered a
higher percentage of UV and visible light compared with the
interridge region (Fig. 5SA”-D"), indicating that ridges are
especially important for UV reflection.

Fine tuning of geometries in UV reflective scales

Previous studies have shown that the presence of pigments impact
the spacings between ridges and crossribs that delineate windows,
as well as the upper lamina coverage of those windows (Matsuoka
and Monteiro, 2018; Banerjee et al., 2024; Chatterjee et al.,
2025 preprint). To test whether similar pigmentation—morphology
correlations were present in these moth species, we took SEM
images of the scales and measured a series of parameters in UV
reflective and pigmented, non-UV reflective scales. We found that

Fig. 2. Magnified views of investigated
moth wing areas. (A) The location of the
forewing discal eyespot and wing apex and
depicted schematically. (B—D) Forewing
dorsal apices with white UV reflective scales
and orange non-UV reflective scales of

(B) Attacus atlas, (C) Samia cynthia and
(D) Antheraea pernyi. (E) A. pernyi dorsal
forewing eyespot with only half of the ring
reflecting UV light (white scales on the left).
(F) Ventral side of the same wing showing
eyespot with the entire white ring reflecting
UV light. The location of sampled
UV-reflective scales and control scales is
indicated with white and black arrowheads,
respectively. Scale bars: 1 mm.

the UV reflective scales with fewer pigments had more covered
windows (Fig. 6) and larger distance between ridges (Fig. 7A) and
crossribs (Fig. 7B) compared with non-UV reflective scales (ridges:
LME, P<0.0001; crossribs: LME, P<0.0001) (Tables S5,S6). On
average, UV reflective scales from the wing apex had thinner lower
laminae (Fig. 7C) than adjacent non-UV reflective scales (LME,
P<0.0001) (Tables S5,S6), but this was not the case for the eyespot
ring scales of A. pernyi (post hoc test from LME: adjusted P=1)
(Table S6). On average, UV reflective scales had taller ridges (Fig. 7D)
than non-UV reflective scales (LME, P<0.0001) (Tables S5,S6), with
the exception of A. pernyi, whose UV reflective apical scales had
shorter ridges than flanking non-UV reflective scales (post hoc test
from LME: adjusted P=5.22¢—13) (Table S6).

DISCUSSION

UV signals in animals have been primarily associated with
reproduction rather than survival advantages, with notable examples
in birds (Hunt et al., 1999), fish (Siebeck et al., 2010), reptiles
(Fleishman et al., 2011) and arthropods (Detto and Backwell, 2009;
Painting et al., 2016; Stella and Kleisner, 2022). In butterflies, UV
cues may contribute to species recognition (Silberglied and Taylor,
1973, 1978; Meyer-Rochow, 1991) and sexual selection (Petersen
et al., 1951; Brunton and Majerus, 1995; Burghardt et al., 2000;
Robertson and Monteiro, 2005; Papke et al., 2007; Kemp, 2008).
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Fig. 3. UV reflectance in the wings of three investigated moth species.
UV reflectance across sexes (A), wing identities (B) and wing surfaces (C).
The central line in the violin plot indicates the median of the distribution,
while the top and bottom of the box represent the third and first quartiles of
the data, respectively. Means sharing the same letters are not significantly
different (Tukey-adjusted comparisons). The whiskers show up to 1.5 times
the inter-quartile range. FW, forewing; HW, hindwing.

Fig. 4. Percentage of wing area reflecting at least 10% of UV light.
Reflectance across sexes (A), wing identities (B) and wing surfaces (C). The
central line in the violin plot indicates the median of the distribution, while the
top and bottom of the box represent the third and first quartiles of the data,
respectively. Means sharing the same letters are not significantly different
(Tukey-adjusted comparisons). The whiskers show up to 1.5 times the inter-
quartile range. FW, forewing; HW, hindwing.

However, in rare documented cases, UV coloration can also be linked ~ found that females of 4. pernyi and of 4. atlas had 28% and 40%
to crypsis and predator defense functions (Crowell et al., 2024). higher levels, respectively, of UV reflectance than their conspecific

The main ecological driver of UV color evolution in moths is still  males, whereas no sexual dimorphism for this feature was present in
debated but these signals could be involved in sexual signaling. We  S. cynthia. In butterflies, males generally signal to females, and it is
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A

Fig. 5. Optical properties of UV-reflective and adjacent non-UV reflective scales. From left to right: optical microscopy images of the abwing surfaces of
non-UV and UV reflective scales, absorbance spectra and reflectance spectra in A. atlas apex (A-Aiii), S. cynthia apex (B-Biii), A. pernyi apex (C—Ciii) and
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Non-UV scales

ECcrRE s

A. pernyi (apex) S. cynthia (apex) A. atlas (apex)
Ridge

A. pernyi (ring)

uncommon for females to exhibit higher UV reflectance levels
than males (Mazokhin-Porshniakov, 1957, Wienzek, 1971,
Grosman and Stusek, 1982; Eguchi and Meyer-Rochow, 1983;
Kemp and Macedonia, 2006). There are, however, a few exceptions
known in the Pieridae with a sex role reversal (Stella and Kleisner,
2022). In this family, females of Pieris napi display 25-40% higher
levels of UV reflectance than males (Meyer-Rochow and Jérvilehto,
1997; Stella et al., 2018) and in P. rapae, UV reflectance in female
wings is crucial for triggering male courtship (Obara, 1970).
Male mate preferences, thus, drive this pattern, as previously also
proposed for other species (Rutowski et al., 2007; Huq et al., 2019).
Therefore, similarly to Pieridae, female saturniid moths may use UV
reflectance as a signal during sexual communication, in addition to
pheromones (Cardé and Haynes, 2004), and display higher levels of
UV in their wings relative to males. In line with this hypothesis,
male moths are generally more strongly attracted to UV and blue

UV scales

Fig. 6. SEM images of moth wing scales. Non-UV
scales have larger windows, with less retained
upper lamina, than UV reflective scales. Ridges are
highlighted in blue, crossribs (CR) in orange and a
window (WIND) is highlighted in yellow. Scale bars:
1 um.

light than females are (Garris and Snyder, 2010; Brehm et al., 2021).
This is notably the case for Samia males as most Samia females do
not fly towards UV light (Brehm et al., 2021).

Alternatively, sexual differences in UV reflectance may have
resulted from natural selection instead of sexual signaling. UV wing
patterns seem to be highly attractive to bird predators in the daytime
(Viitala et al., 1995; Lyytinen et al., 2001); however, the risk of diurnal
predation is probably low for moths whose cryptic wing patterns help
in camouflage. More importantly, UV wing patterns do not appear to
reduce the fitness of night-active immobilized moths (Lyytinen et al.,
2004). Female moths have limited mobility and emit strong
pheromones, whereas males are the ones that fly toward the females
at night. Natural selection against UV patterns would, thus, be exerted
by nocturnal predators relying on UV vision or echolocation. Because
males display fewer UV reflective signals and fly at night, we infer that
this sex is under stronger selection and under greater risk of predation
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Fig. 7. Characterization of moth wing scale nanomorphology. (A) Top view of a scale illustrating ridge—ridge and crossrib—crossrib distances. (Ai) Cross-
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relative to females. Our findings cannot distinguish which of these
two ultimate alternative explanations led to a higher prevalence of
UV signals in females, but both may be playing a role in the case
of coevolution. Finally, how the angle of incident light may
affect the properties of UV reflectance was not examined in this
work. However, while angle-dependent reflectance is observed for
multilayer reflectors, such as the layered lamellae in pierids (Ghiradella
et al., 1972; Wilts et al., 2011), it is less relevant in saturniid moths
which have evolved different ways of reflecting UV light.

Signal partitioning between dorsal and ventral wings may be
occurring in moths, just as it does in butterflies (Oliver et al., 2009),
but our data suggest that the signals are opposite. In butterflies, it is
generally accepted that signals on dorsal hidden surfaces of the
wing, including UV signals, are used for sexual signaling, whereas
colors and patterns on the exposed ventral wing surfaces are used for
predator avoidance (Rutowski et al., 2010). Our data for moths show
that signal partitioning is also happening, and that the brighter UV
signals are found in the hidden wing surfaces. However, in moths,
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these are the ventral surfaces. Unlike butterflies, larger moths
typically rest with their wings laid flat and/or spread out to their
sides, covering the body, with a few exceptions known in the
Geometridae. Thus, for the majority of moths, the ventral side of the
wing is largely only visible during flight and can be used for private
sexual communication.

We have discussed, so far, the reflection spectrum which shows
the wavelengths of light that reflect off the wing surface. However,
the spectral distribution taken alone does not determine visibility.
Diurnal butterflies and crepuscular/nocturnal moths live in different
light environments, which impacts their appearance and selective
pressure (Sondhi et al., 2021). During the day, sunlight is high in blue
and UV radiation, but at night, these levels drop substantially, making
nocturnal habitats dark and light limited. Our hypothesis, which
posits UV as a communication signal, is supported only if saturniid
moths can discriminate color at very low light levels. Notably,
saturniids are nocturnal, have superposition eyes optimized for
dim light, and have been shown to discriminate colours, including
UV, under starlight alone (Anton-Erxleben and Langer, 1988;
Warrant and Somanathan, 2022). At the molecular level, our
knowledge of the visual system of nocturnal saturniid moths is still
scarce. A UV opsin has been identified in Therinia lactucina (Sondhi
et al., 2021), a short-wavelength/blue opsin in Saturnia pyri (Sondhi
et al.,, 2021), and a long-wavelength opsin in Saturnia pyri and
Automeris io (Sondhi et al., 2021; Liénard et al., 2022). Future
comparative investigation of opsin expressions in diurnal and
nocturnal species of both sexes is essential to complement our
understanding of sex-specific coloration in saturniid moths.

To investigate the mechanisms whereby scales become UV
reflective in each of the saturniid species, we measured a series of
parameters in scales that were previously associated with UV
reflectance in butterflies. These included presence/absence of
pigments, thickness of the lower lamina, spacing between ridges
and cross-ridges, and height of the ridges. UV reflective scales
showed consistent low levels of pigmentation as well as consistent
morphological modifications that are in line with how structural
coloration is produced in stereotypical UV reflective scales of
butterflies (Monteiro et al., 2015; Yoda et al., 2021) and also silver
scales that act as broadband reflectors (Ren et al., 2020; Prakash
etal., 2022). Low pigmentation allows for light to be reflected from
the lower lamina to produce structural colors. Interestingly, scales
with pigments also had reduced upper cuticular lamina and more
open windows. This effect of pigmentation, especially melanin, on
creating stronger polymerization of chitin around the ridges and
crossribs was previously documented in butterflies (Matsuoka and
Monteiro, 2018; Banerjee et al., 2024).

Variation in the thickness of the lower lamina across nymphalid
butterflies can change the hue produced by thin-film interference
(Stavenga et al., 2014; Wasik et al., 2014; Thayer et al., 2020; Balint
et al., 2023), with the thinnest lower laminae expected to reflect
strongly in the UV. Thus, one way to increase UV reflectance is to
decrease the thickness of the lower lamina. We observed that in all
species investigated, the UV reflective scales had thinner lower
laminae than pigmented scales in nearby regions. An exception was
seen in the eyespot ring scales in 4. pernyi, where the pigmented
scales (on the distal side of the ring) also had thin lower laminae
(~80 nm). Here, the presence and absence of pigments alone was
likely contributing to UV reflection differences between the scales
on opposite sides of the eyespot.

Increasing the distances between ridges and crossribs is usually
understood as a strategy to enhance the light reflected by the lower
lamina (Finet et al., 2024 preprint; Banerjee et al., 2024), or the

upper lamina in the case of broadband reflectors (Ren et al.,
2020). This wider spacing was observed across all the UV reflective
scales sampled here, relative to the pigmented scales. When
ridge lamellae are primarily responsible for UV reflectivity,
however, dense ridge spacing may evolve instead, as found in
some Heliconius spp. and Pieris spp. butterflies (Kemp et al., 2006;
Parnell et al., 2018).

Finally, another strategy to increase UV reflectance is to simply
modify the height of the ridges and crossribs, independently of the
number and spacing of lamella. The analysis of the direction of the
shift in ridge height requires specific attention to the absolute
values of this trait in pigmented and UV reflective scales. Our recent
related study showed that the same ridge hue, i.e. the wavelength of
maximum reflectance, can be achieved for different values of ridge
height (Finet et al., 2024 preprint). We conducted our study in
stereotypical butterfly scales, but the findings likely stand for all
stereotypical scales in Lepidoptera, including moths, because
artificial engineered chitosan-based ridges with variable height
reproduce the same results (Raut et al., 2022). Thus, ridges are
known to reflect UV light when their height is either below 800 nm,
in the range 10001250 nm or in the range 1500-2000 nm. On
average, the ridge height of non-UV reflective apical scales in
S. cynthia was 976 nm, but UV apical scales in S. cynthia have
an average height of 1016 nm, the closest morphological solution
to become UV reflective. Similarly, UV reflective apical scales
in A. pernyi evolved shorter ridges (~757 nm), compared with
non-UV adjacent scales (~903 nm). In 4. atlas, both UV reflective
and non-reflective scales have ridges that should be mostly UV
reflective (~806 and ~696 nm, respectively). Pigments, in this case,
have obscured UV reflection in the non-reflective scales.

Conclusion

We found opposite trends in the localization of UV reflection
between saturniid moths and butterflies which differ in both wing
resting position and lifestyle (nocturnal versus diurnal). UV patterns
were more common in the wing surfaces that are hidden, or
conditionally displayed, in both groups, which are the ventral
surfaces in saturniid moths and dorsal surfaces in butterflies. Given
that UV patterns are commonly used in sexual communication in
butterflies, we infer that the same happens in saturniid moths.
Female saturniids, however, are the sex that exhibited stronger
and larger UV-reflective patches, while this pattern is normally seen
in male butterflies. These differences between butterflies and
saturniid moths suggest that the presence and distribution of UV
reflectance across wings and wing surfaces evolved under similar
selection pressures in each group but moths may be sex role reversed.
Future work could test whether these patterns extend more broadly
across moths by examining UV reflectance in non-saturniid
lineages (e.g. Geometroidea, Noctuoidea). Additionally, constructing
a phylogenetic map of gains and losses of UV reflectance across
Lepidoptera would help clarify how many times such patterns have
evolved independently and whether similar selective pressures have
driven their repeated emergence.
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