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to the incompleteness of the fossil record [17]. The two scen-

arios can, however, be discriminated with the aid of

controlled laboratory experiments [18] designed to investigate

the taphonomy of specific taxa, tissue structures and/or bio-

molecules, thus informing on their preservation potential

[19]. Previous taphonomic experiments investigating aspects

of the fossilization process in various organisms, including

arthropods, have identified a suite of factors which can influ-

ence the preservation potential of organisms (reviewed in

[19,20]). Known environmental factors include the extent of

transport, relative timing of transport and decay, water temp-

erature, salinity, pH, the presence of microbes, sediment type,

sediment consistency, the availability of O2 and mineral ions,

and burial temperature and pressure. Biological factors

include the nature and extent of decay, body geometry and

tissue composition. Clearly, not all potential factors can be

investigated in a single experiment. Instead, rigorous tapho-

nomic experiments typically investigate the impact of a

small number of specific variables in a controlled manner

(the ‘reductionist’ approach [18]). In particular, previous

taphonomic experiments have shed light on the preservational

conditions and processes involved in the fossilization of multi-

layer reflectors and three-dimensional photonic crystals in

insects [21]. Here, we experimentally degraded extant scarab

beetles with and without Bouligand structures in controlled

laboratory decay and maturation experiments. Untreated

and degraded cuticles were analysed using scanning electron

microscopy, reflectance microspectrophotometry and Mueller

matrix spectroscopic ellipsometry.
2. Material and methods
2.1. Material
Dried specimens of five green beetle taxa representing three

sub-families of Scarabaeidae were procured from commercial

suppliers: Chrysina boucardi (n ¼ 3) and Chrysina gloriosa (n ¼ 3)

(both Rutelinae), Ischiopsopha jamesi (n ¼ 3) and Torynorrhina flam-
mea (n ¼ 3) (both Cetoniinae) and Gymnopleurus virens (n ¼ 5)

(Scarabaeinae). The cuticle of T. flammea does not generate CPL

and served as a control; the cuticle of all other taxa used exhibits

CPL [3,22–24].
2.2. Light microscopy
Beetle elytra were imaged using a Leica DM2700M stereomicro-

scope coupled to a Leica MC190HD camera using unpolarized

light from a LED lamp. Elytra were tested for circular polariz-

ation using a Nikon D3100 camera and a Leica EZ4 W

stereomicroscope equipped with left-handed and right-handed

circular polarizers (Edmund Optics).
2.3. Scanning electron microscopy
Samples of elytra were mounted on aluminium stubs using

carbon tape, sputter-coated with Au/Pd and examined using

an FEI Inspect F50FE-SEM and an FEI Quanta 650 FE-SEM at

5 kV in secondary electron mode.

The period of the helicoidal structure, called pitch ( p), corre-

sponds to a full turn (3608) of the chitin fibrils and consists of two

successive lamellae (thickness a), i.e. p ¼ 2a. The lamellar thick-

nesses were obtained from scanning electron microscopy (SEM)

images (see below) using the fast Fourier transform (FFT)

function in ImageJ [25].
2.4. Microspectrophotometry
Reflectance spectra were collected on elytra with a Zeiss Axioskop 2

microscope using the x50 objective and equipped with a halogen

lamp (HAL 100) set to 6 V and an Ocean Optics USB4000 spec-

trometer. Specimens were manually positioned so that the region

to be analysed was approximately at normal incidence to the

light path. Acquisition time varied from 5 to 10 s. Between three

and five replicates were used for each sample. Data were normal-

ized relative to a white standard (Certified Reflectance Standard,

Labsphere) and analysed using Ocean Optics SpectraSuite soft-

ware. Models of the theoretical wavelengths produced from the

exocuticular lamination were based on the circular Bragg equation

for normally incident light lmax¼ pnav ¼ 2anav, where lmax is the

wavelength at the circular Bragg peak and nav is the average of the

two refractive indices in the anisotropic lamellae plane. In this

study, we do not consider dispersion and use nav ¼ 1.56 [26].

2.5. Mueller matrix spectrometric ellipsometry
Normalized Mueller matrices of cuticle samples were measu-

red with a dual rotating compensator ellipsometer (RC2,

J. A. Woollam Co., Inc.) at an angle of incidence of 208. Focusing

probes were used to obtain a spot size of less than 100 mm.

The Mueller matrices presented here are primary data without

any filtering or data processing. Further technical details and

limitations are reported in [27].

2.6. Decay experiments
Experiments were designed to approximate decay of insect

cuticles in still aqueous environments as most fossil insects are

from ancient lacustrine sediments [28]. We considered the follow-

ing variables: temperature, pH, microbes and sediment. Water

temperature is a major control on preservation as it controls the

rate of decay [29]. We conducted our experiments at 308C to

promote decay and delivery of useful results within the project

timeframe (even though benthic waters can be much cooler

than this in many extant lakes). Our experiments used an alka-

line pH as insect cuticles decay slightly faster in such media

than in acidic media (M.E.M. 2018, unpublished data). Although

previous experiments have demonstrated that decay is enhanced

in the presence of sediment [30], even particular clay minerals

[31], and in the presence of an external source of microbes [30]

(i.e. not those in/on the carcass itself ), we conducted our exper-

iments using distilled water without inocula of sediment and

bacteria in order to mitigate against occlusion of the cuticle

surface by sedimentary particles and/or a microbial biofilm.

Small fragments of elytra (ca 5 � 5 mm2; n ¼ 3 for each taxon)

were immersed in individual glass vials each filled with 10 ml of

water at pH 11.5+0.1 and degraded for three months in a con-

trolled temperature chamber at 308C (+18C) in the dark. The pH

of the decay media was measured at the start and termination of

the experiments. In order to track short-term changes in visible

colour, additional specimens of C. gloriosa and C. boucardi were

degraded in identical conditions to those described above and

photographed at two-week intervals for three months.

2.7. High-temperature maturation experiments
Small fragments of untreated elytron (ca 5 � 5 mm2) were

wrapped in aluminium foil and matured at one of each of the fol-

lowing conditions for 24 h at 1 bar: 958C, 1008C, 1258C, 1508C,

1758C, 2008C.

2.8. Chemical tests
A series of supplementary experiments investigated the impact

of other factors on the preservation of Bouligand structures,

using techniques that have been applied to studies of the origins
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Figure 1. Photographs of the five scarab taxa studied, with and without polarizing filters, on untreated, decayed and matured cuticle. Scale in the left-hand column:
20 mm (except G. virens: 10 mm); scale in the right-hand column: 5 mm.
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of structural colour in other taxa [32]. In particular, we carried

out tests designed to reveal which cuticle layer(s) are involved

in production of the visible hue, and whether the observed hue

is entirely structural or includes a pigmentary component.

Small fragments of untreated elytra from C. boucardi and

T. flammea were treated in the following ways: immersion in

(i) 8% KOH (608C, 1 bar, 24 h; to remove the epicuticle [32]),

(ii) 10% H2O2 (608C, 1 bar, 24 h; to remove the procuticular

layers [32]), (iii) 20% H2SO4 (208C, 1 bar, 24 h; to bleach melanin

[32]) and (iv) wrapped in polytetrafluoroethylene (2008C, 1 bar,

24 h) to simulate maturation in anoxic conditions. To test the

influence of the aluminium foil upon maturation, some cuticle

samples were also matured without being wrapped and placed

in a glass Petri dish. The results were assessed qualitatively via

visual inspection of cuticle after treatment.

Untreated cuticle samples were also immersed in methyl

salicylate (refractive index 1.54) to test whether the observed

colour is structural [33].
3. Results
3.1. Visible hue
The visible hue was investigated by eye and light microscopy.

Untreated cuticle in all taxa is highly reflective and exhibits a

bright green colour (figure 1a–e) that in C. gloriosa is com-

bined with golden stripes (figure 1b) and in I. jamesi with

red regions (figure 1d ).

Colour did not change during decay of G. virens, I. jamesi
and T. flammea (figure 1c–e). During decay of C. gloriosa and

C. boucardi, however, colour altered from green to red-orange

(figure 2a), and ultimately to a matte dark brown (figure 1a,b);
the region of C. boucardi cuticle that remained green after

decay was not in contact with the decay medium (figure 1a).

Alteration initiated on the golden stripes of C. gloriosa
and extended progressively to the green cuticle regions.
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Figure 2. Light micrographs and scanning electron micrographs of the surface of untreated, decayed and matured elytra. Scale: 50 mm for light micrographs (LM)
and 10 mm for scanning electron micrographs (SEM).
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In contrast, alteration of hue in C. boucardi initiated at cut edges

and cuticular pores (see electronic supplementary material,

figure S1).

All cuticle samples were altered to black during maturation,

both in the presence (figure 1a–e) and absence of oxygen (elec-

tronic supplementary material, figure S2a) except for C. boucardi
which altered to a dark green colour (figure 1a). Wrapping

cuticle in aluminium foil does not influence the results

(electronic supplementary material, figure S2b).

The supplementary experiments reveal that the green hue

of the cuticle in all taxa is less intense after H2SO4 treatment

and is lost upon treatment with KOH (electronic supplemen-

tary material, figure S3). Treatment with H2O2 resulted in loss

of visible colour in C. boucardi and reduction in intensity plus

a blue shift in hue in T. flammea.
3.2. Surface texture
The surface texture was investigated using both light and elec-

tron microscopies. Green cuticle regions in C. boucardi,
C. gloriosa, I. jamesi and T. flammea exhibit a tessellated surface

pattern defined by a combination of pentagonal, hexagonal

and heptagonal units 7–10 mm wide (figure 2a,b,d,e).
In C. boucardi and C. gloriosa, the units are green with yellow

cores (figure 2a,b), those in I. jamesi are green throughout

(figure 2d) and those of T. flammea are green-blue throughout

(figure 2e). These tessellated surface patterns are superimposed

onto taxon-specific microtextures, as evidenced by SEM micro-

graphs. In C. gloriosa, green (but not gold-coloured) regions

exhibit a stellate pattern comprising a series of star-shaped

units each ca 5 mm wide (figure 2b). In I. jamesi, the elytral

surface texture (both green and red regions) is dominated by

near-parallel rows of elongate projections, each ca 5 mm long

(figure 2d). Torynorrhina flammea exhibits a reticulate structure,

with alveoli ca 10 mm wide, sometimes with a dark central

spot (figure 2e). A similar, but subtler, structure is present in

C. boucardi (figure 2a). Gymnopleurus virens elytra do not exhibit

surface patterns or microtextures (figure 2c).

After decay, brown regions of C. boucardi and C. gloriosa
cuticle retain a tessellated surface texture but the polygonal

units no longer differ in hue between core and margins

(figure 2a,b). SEM analysis reveals that the green regions of

degraded C. boucardi cuticle exhibit surface microtextures that

are identical to those in untreated cuticle (figure 2a). Brown

cuticle regions show surface pitting (figure 2a). The surface

microtextures of C. gloriosa are clearly altered during decay,
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via expansion of the star-shaped units and loss of surface cohe-

sion (figure 2b). Finally, decay does not affect the visible colour

and surface microtexture of G. virens, I. jamesi and T. flammea
(figure 2c–e).

Following maturation, all taxa retain surface microtextures

despite loss of visible colour (figure 2a–e).
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3.3. Reflectance microspectrophotometry
Reflectance spectra (figure 3; electronic supplementary

material, figure S4) are consistent with the observations on

visible hue described above. In C. boucardi (figure 3a), untreated

cuticle samples display two primary peaks at ca 545 and

585 nm, plus secondary peaks (up to three) between 605 and

675 nm; after decay, spectra of green cuticle regions change

slightly (the primary peak at 545 nm shifts to 555 nm; not

shown) while spectra from brown cuticle regions lack peaks

(figure 3a). After maturation, cuticle exhibits a single broad

peak centred on 530 nm and a secondary peak at 585 nm.

In C. gloriosa (figure 3b), spectra of untreated cuticle

samples exhibit a primary peak at ca 530 nm with secondary

peaks at 580 nm, 605 nm and 630 nm. Spectra of decayed and

matured cuticle lack peaks.

Spectral characteristics of G. virens vary markedly among

specimens. In four specimens, spectra of untreated cuticle

usually exhibit two primary reflectance peaks at 485–520 nm

and 530–570 nm. The remaining two specimens, however,

show three peaks at ca 500 nm, 530 nm and 555 nm (figure 3c).

In all specimens, decay resulted in a shift of these peaks towards

longer wavelengths; spectra of matured cuticle lack peaks.

Spectra of untreated I. jamesi cuticle show one primary peak

at ca 550 nm and, sometimes, a secondary peak at ca 635 nm for

male specimens or 605 nm for females (figure 3d). Decay did

not result in major spectral changes (peak position shifted

by +5 nm); spectra of matured cuticle lack peaks.

Finally, spectra from T. flammea cuticle can exhibit one, two

or three peaks at 535 nm, 555 nm and 580 nm (figure 3e). Decay

results in minimal shift of these peaks (+5 nm) and the appear-

ance of additional major peaks at 510 nm and 615 nm. Spectra

of matured cuticle lack peaks.
480 500 520 540 560 580 600 620 640 660

in
te

ns
ity

 (
ar

b.
 u

ni
ts

)

T. flammea

untreated decayed

wavelength (nm)

matured

(e)

Figure 3. (a – e) Reflectance spectra from untreated (solid black), decayed (red
dash) and matured (blue dot) samples of beetle elytra. The spectra were chosen as
mostly representative as possible of the global results.
3.4. Polarization analysis
Polarization was analysed qualitatively through circular polar-

izers attached to visualization systems (camera and

stereomicroscope), and quantitatively by Mueller matrix spec-

trometric ellipsometry. All CPL-producing taxa studied exhibit

a green colour when observed using the left-handed circular

polarizer but a brown colour when observed using the

right-handed circular polarizer, confirming reflection of left-

handed polarized light (figure 1a–d). The brown (not black)

colour indicates some reflected broadband CPL. These effects

are apparent in cuticle regions of all colours and from all

body regions; the structures responsible for circular polariz-

ation are thus ubiquitous and independent of visible hue.

Torynorrhina flammea appears green when observed using

each polarizer, confirming its optical inactivity (figure 1e).

Circular polarization is retained where original cuticle

colour persists during decay (observed in G. virens, I. jamesi
and T. flammea; figure 1c–e). Visual assessment of polariz-

ation is not possible where visible hue altered from green to

matte brown (as for decayed cuticle; figure 1a,b) or black

(as for matured cuticle; figure 1a–e).
These results are confirmed and explored further by Mueller

matrix analysis on cuticle samples from C. boucardi and I. jamesi.
Figure 4 presents the Mueller matrix element m41, which is non-

zero if the light has a circularly polarized component (the full

Mueller matrices are presented in electronic supplementary

material, figure S5). The negative values obtained on m41
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verify that left-handed CPL is reflected. The m41 obtained on

untreated cuticle of C. boucardi exhibits two major spectral

bands centred around 550 nm and 800 nm corresponding

to reflection of green and red/infrared CPL, respectively

(figure 4a). For I. jamesi, a single narrow spectral band is

obtained around 540 nm (figure 4b). The effect of decay and

maturation is detailed in figure 4a,b. On the brown-coloured

decayed cuticle of C. boucardi, the Mueller matrices lack features

in all the off-diagonal block elements (electronic supplementary

material, figure S5a), including the m41 where the signal disap-

pears (figure 4a). By contrast, left-handed polarized light is

reflected from decayed cuticle that retain a green hue

(figure 4b; I. jamesi). A blue-shift of the m41 feature from

540 nm to 529 nm is, however, visible.

The maturation process has similar effects on I. jamesi and

C. boucardi whereby loss of colour is accompanied by a weak-

ening of the circular polarization, and ultimately its loss in

I. jamesi (figure 4a,b).

Figure 4c,d shows the effect of thermal treatment during

maturation: the m41 signal becomes less negative with increas-

ing temperature, approaching zero at 2008C for C. boucardi
and 1758C for I. jamesi, whereby the circular polarization is

lost. For C. boucardi, the green reflection band is more suscep-

tible to alteration than the red/infrared: it is altered at lower

temperature relative to the red/infrared band and indicates a

colour shift from green to red/brown. At 2008C, while the vis-

ible contribution has disappeared, the red/infrared band is still

present. For I. jamesi, a small blue shift occurs along with

increasing temperature before the production of a flat signal.
3.5. Scanning electron micrographs of vertical cross
sections

All CPL-producing beetle cuticle samples exhibit a thin

homogeneous superficial epicuticle underlain by a thinly
laminated exocuticle and, in turn, by a thicker endocuticle

comprising a cross-ply arrangement of bundles of chitin micro-

fibrils (figure 5; electronic supplementary material, figure S6).

Except for G. virens, the exocuticle is subdivided into outer

and inner regions with thin and thick lamellae, respectively.

This subdivision is not apparent in the non-CPL-producing

cuticle of T. flammea, but striking vertical structures are present

(figure 5e; electronic supplementary material, figure S6e). The

dimensions of various cuticular components are summarized

in table 1.

The morphology of the lamellae in the outer exocuticule

varies markedly among specimens. Lamellae form distinctive

concentric cusps 7–10 mm wide (each centred on the surficial

‘star’ of the texture) in the green cuticular regions of both

Chrysina species (figure 5a,b; electronic supplementary

material, figure S6a,b). Lamellae are flat and parallel to the

cuticle surface in G. virens (figure 5c; electronic supplemen-

tary material, figure S6c), T. flammea (figure 5e; electronic

supplementary material, figure S6e) and gold regions of

C. gloriosa, and undulose in I. jamesi (figure 5d; electronic sup-

plementary material, figure S6d). Lamellae are flat and parallel

to the surface in the inner exocuticle of all taxa (electronic

supplementary material, figure S6).

Decay does not alter the morphology of the exocuticular

lamellae but reduces the thickness of the latter in C. boucardi
and C. gloriosa by 48% and 49%, respectively (table 1). By con-

trast, maturation results in a less marked reduction in lamella

thickness in all taxa (6–14%).
4. Discussion
4.1. Source of visible colour
We examined multiple specimens of each of the extant taxa

studied in order to assess the extent of any intraspecific
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Figure 5. SEM micrographs of longitudinal cross sections through untreated, decayed and matured elytra, showing the epicuticle and part of the outer exocuticle.
Scale: 2 mm.

Table 1. Thicknesses of cuticular components measured manually from scanning electron micrographs of green cuticle. Data are based on at least 10
measurements from two different images.

taxon layer

thickness decrease (%)

untreated (u) decayed (d) matured (m) u/d u/m

C. boucardi epicuticle (mm) 0.2 – 1.0 0.2 – 0.6 0.3 – 0.9 33 0

outer exocuticle (mm) 11.4 – 14.1 5.3 – 6.4 10.2 – 12.1 54 13

inner exocuticle (mm) 3.8 – 6.4 5.0 – 7.0 2.0 – 4.0 18 41

lamellae (nm) 100 – 270 70 – 120 170 – 230 49 8

C. gloriosa epicuticle (mm) 0.3 – 2.3 0.2 – 2.6 0.4 – 2.0 8 8

outer exocuticle (mm) 5.9 – 10.5 4.0 – 7.7 7.2 – 8.7 29 3

inner exocuticle (mm) 3.0 – 6.4 12.9 – 16.4 5.2 – 6.3 212 22

lamellae (nm) 130 – 240 60 – 160 150 – 190 48 8

I. jamesi epicuticle (mm) 0.25 – 1.0 0.5 – 0.7 0.3 – 0.5 4 36

outer exocuticle (mm) 13.0 – 16.4 8.2 – 10.5 9.4 – 11.3 36 30

inner exocuticle (mm) 7.2 – 10.0 18.7 – 20.3 7.0 – 8.7 127 9

lamellae (nm) 110 – 200 130 – 190 120 – 170 3 6

G. virens epicuticle (mm) 0.2 – 0.7 0.2 – 0.5 0.1 – 0.3 22 56

exocuticle (mm) 5.4 – 13.7 5.4 – 8.8 8.6 – 13.9 26 18

lamellae (nm) 90 – 200 90 – 160 100 – 230 14 14

T. flammea epicuticle (mm) 0.4 – 0.6 0.6 – 0.9 0.3 – 0.4 50 30

exocuticle (mm) 18.6 – 24.4 27.5 – 27.8 17.8 – 20.5 29 11

lamellae (nm) 130 – 210 140 – 200 130 – 240 0 9
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variations in colour (common in extant beetles, e.g. T. flammea
[24], Cetonia aurata [34] and Plateumaris sericea [35]). Our

reflectance data on the green cuticle regions are consistent

with previously reported lmax values for C. gloriosa (530

and 580 nm [36]), C. boucardi (519, 588 and 620 nm [22])

and T. flammea (490, 530, 568 and 584 nm [24]). These
spectroscopic data, plus those for I. jamesi and G. virens, are

consistent with our models of the theoretical wavelengths

(table 2): observed and predicted lmax values differ by only

0.3–6.8% across taxa, supporting that the visible colour is pri-

marily structural; the slight discrepancy between

spectroscopic data and theoretical data may originate from








