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Introduction: UF FLA REEF abbreviated task description, Research in Visual
Neuroethology (FA8651-19-F-1012)

The Nature-Inspired Team in AFRL/RWW is investigating biological systems for inspiration
for novel high performance efficient approaches to the sensors, information processing, and
systems architectures for guidance, navigation, and control to enable autonomous agents in
GPS-denied environments. To this end, AFRL/RW maintains the Natural Systems Sensing
Laboratory (NSSL), at this writing in building 8682 at Eglin AFB remote site C-86. The
research in this lab emphasizes exploring the vision systems in natural systems that could
provide relevant bases for advanced engineering sensors, as well as the associated behavior
of these natural systems to understand the context and requirements flow among the
environment, behavior, and design details of the systems.

A specialist in vision neuroethology in insects is required to assist the government team
working in the NSSL, to investigate natural vision systems and the details of their design and
its relation to the behavior of the animals in their natural environments. UF will provide a
postdoctoral researcher dedicated to this task. UF anticipates the postdoc will work
primarily in the NSSL, but UF will provide desk space at the UF REEF for the postdoctoral
researcher.

The immediate objective of this task is to continue the development and operation of a
vision neutroethology laboratory at AFRL/RW with a specific focus on understanding optical
and information handling properties of natural vision systems. The NSSL will serve as the
main location for experimental work. This work includes measuring optical signatures of
animals and their corresponding visual sensitivities.

1. Laura Bagge: Summary of Research during Tenure as UFL Research Associate

During my tenure as a University of Florida Research Associate in the Natural
Systems Sensing Laboratory at the Air Force Research Laboratory, I worked on questions
related to the unique spectral and polarization optical signatures found in some insects that
may serve to inspire improved designs of man-made sensors. I studied the underlying
mechanisms for how insects may be able to perceive otherwise private channels, and my
published work during my time as a UFL Research Associate may eventually lead to
significant technological advancements for bioinspired target detection in engineered
systems.

My original proposal included the goals of characterizing optical signatures produced
by cuticular or wing structures in insects and then testing whether the insects can visually
perceive those optical signatures (i.e., whether insects have neural matched filters for the
visual wing signatures). I made the most progress in exploring circularly polarized light
reflectance from scarab beetles and testing whether the beetles are sensitive to circularly
polarized light signals. I have worked with my colleagues on the nature-inspired team to
completely characterize the optical and polarization signatures from the wing surfaces of 50
different species of beetles, through measuring all spectral Mueller matrix elements. I
published one paper (Bagge et al., Applied Optics, 2020) about the unusual optical signatures
of five golden beetles that look alike to human vision but have different circularly polarized
light reflectance properties. I have another paper in preparation about the signatures of the

Distribution A
1



other 50 species and what we can learn from this diversity of signals. Additionally, I have
worked with my colleagues to better understand the ultrastructure of beetle eyes to
determine how or if they are able to discriminate circularly polarized signals.

Figure 1. Left-hand circularly polarized light (LHCP) is seen through the left LHCP lens and
right-hand circularly polarized light (RHCP) is seen through the right RHCP lens; because
this gold beetle species strongly reflects LHCP but not RHCP, it appears different and the
color is extinguished under the RHCP.

Polarization state
generator

Beam splitter

Fourier Transform
Spectrometer

Polarization state
analyzer

Detector

Figure 2. Diagram of the spectropolarimeter used to characterize the complete optical
signatures from the beetle cuticles by measuring the spectral Mueller matrices.
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Figure 3. Plots of the degree of circular polarization (DOCP) calculated from spectral
Mueller matrix element measurements taken of 5 species of golden scarab beetles to show
the difference in polarization signatures. The conspicuous signature of resplendens suggests
deeper analysis into the details of the signature generation is needed. Positive values are
right-hand circularly polarized; negative values are left-hand circularly polarized.

Significant accomplishments during my tenure as an UFL Associate include:

~ One published paper (awarded Editor’s Choice) in Applied Optics —

Bagge, L.E., Kenton, A.C,, Lyons, B.A., Wehling, M.F., and Goldstein, D.H. (2020). Mueller
matrix characterizations of circularly polarized reflections from golden scarab beetles. Applied
Optics. 59(21): F85-F93.

~Five technical presentations, including invited seminars and contributed conference papers.
~Two best presentation awards.

~Finally, data generated during my tenure as a UFL Research Associate can be used in

future publications/patents by future postdocs in the lab, and I will continue to collect and
analyze more related data in my current position as Senior Biologist, Insect Visual Systems at
Torch Technologies.

Trips I took as a UF REEF research associate:
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1) Light and Color in Nature Conference from July 14 to July 19 2019. Trip funded by NSF;
presented a talk on the Wing Interference Patterns (WIPs) work and Circular Polarization in
Beetles work.

2) International Conference on Invertebrate Vision IV, August 5 to August 12, 2019. Trip
funded by UF REEF; presented a poster on the WIPs preliminary work.

3) MicroCT analysis course at Friday Harbor from August 25 to August 31 2019 (I was
selected for the course, so lodging and course cost were covered, the REEF paid for flight to
Seattle). The benefit to this course was to learn the analysis tools which I later applied to
data collected at AFRL/RW’s High Energy Research and Development facility (HERD).

4) Swiss Light Source from October 2 to October 10, 2019 (UF REEF paid for the flight,
Mike Bok and Lauren Sumner-Rooney paid for the rest of the trip for me). The benefit to
this was that I was able to scan the heads of beetles that Amanda Franklin sent to me, and
these were the first data about their eye structures which we have shown on later posters.

2. Marisa McDonald: Summary of Research During Tenure as a University of
Florida Postdoctoral Researcher

During my tenure as a postdoc working with the University of Florida and the Air
Force Research Lab Nature Inspired team, I worked on questions related to the insect visual
system, with focus on the secondary visual system many insects have, the ocelli (Figure 1).
With this work I have investigated the physiology of visual systems, with an intention of
better understanding what insects are able to see and how this translates into guided
behavior. The goal of this work is to increase our understanding of relatively simple light
detectors, like those of the ocelli, with the hope of inspiring new bioprincipic engineered
systems.

My proposal for this work focused on characterizing the spectral and polarization
sensitivity in the ocelli of a broad range of flying insects. In the 6 months that I was in this
position, I assisted in setting up and optimizing an electroretinography rig in the lab that will
be used to answer these questions. The equipment is now set up to be able to rapidly take
measurements from live insect eyes to establish the temporal and spectral response of the
eye. Preliminary testing on the equipment was completed on the ladybeetle species
Hippodamia convergens. With these tests, we demonstrated that we can rapidly collect spectral
sensing information from these insects. These insects were a useful test subject, as they are
abundant, commercially available, and have commercial importance due to their impact on
crops and gardens. We are currently working on a short publication on this visual system, as
we have found no studies directly characterizing the ladybeetle eye of this species.

I have now begun preliminary studies on the insect ocellar system, working with two
fly species: Hermetia illucens, the black soldier fly, and Calliphora vomitoria, the blue bottle fly,
which can both be hatched and maintained in the lab environment. Recordings have also
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been made on the flying carpenter ant Camponotus floridanus which was wild caught at the lab
(preliminary results in Figure 2). This is an ongoing study in the lab, and we aim to gain
insight into the ocellar sensitivities and compare across a broad range of groups.

In my tenure as a postdoctoral researcher, I had one publication accepted to the
Journal of Crustacean Biology (reference below), which was featured on the cover of the
journal issue. I also gave a presentation at the Society of Integrative and Comparative
Biology annual conference (reference below). I am now working as an NRC Research
Associate with the Air Force Research Lab Nature Inspired Team and will continue the
work started as a UF postdoc moving forward.

Publication:
McDonald, M.S., Porter, M.L.. (2023) Effect of light environment on prey consumption in
two species of larval stomatopods, Gonodactylacens falcatus (Forskal, 1775) and Gonodactylellus n.

sp. (Stomatopoda: Gonodactylidae). Journal of Crustacean Biology. 43, 1-8.

Presentation:

McDonald, M.S., Cohen, J. H., Porter, M.L.. 2023. Feeding Rates of Larval Stomatopods
Under Different Light Environments. The Society of Integrative and Comparative Biology.
Austin, Texas.

Figure 1: Close up images of the compound eyes and ocelli of (1) Blue bottle fly (Calliphora
vomitoria), (2) Black Soldier Fly (Hermetia illucens), and a (3) Carpenter Ant (Camponotus
Sfloridanus). Red arrows point to the ocellar structures in the middle of the head for each.
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Figure 2: Example spectral sensitivity curves obtained from the flying carpenter ant, in both
the compound eye and ocellar structures. There appears to be a small red sensitivity peak in
the ocelli of this animal, which is noteworthy as Hymenoptera are not thought to have any
red responses in the visual system.

Trip taken as a UF REEF research associate:

Society of Integrated and Comparative Biology annual meeting in Austin, TX, Jan 2023.
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Mueller matrix characterizations of circularly
polarized reflections from golden scarab beetles
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Circularly polarized light (CPL) reflections are rare in nature. Only a few animal groups—most notably certain
stomatopod crustaceans and certain beetles in the family Scarabaecidae—are known to reflect CPL from inci-
dent unpolarized light. Here, we examine five species of metallic scarabs in the genus Chrysina that, to the naked
human eye, look remarkably similar. Using a spectropolarimetric reflectometer to characterize the complete
Mueller matrix elements of the beetles’ elytral surfaces, we found that four of the five species were strongly left-
handed circularly polarized (LHCP), and only one scarab species, Chrysina resplendens, had an overall lower
degree of polarization and switched from LHCP to right-handed circularly polarized reflectance depending on

wavelength. ©2020 Optical Society of America

https://doi.org/10.1364/A0.398832

1. INTRODUCTION

Scarab beetles in the genus Chrysina (Coleoptera: Rutelinae:
Scarabaeidae) have been prized for centuries due to their shiny,
jewel-like appearance, and more recently have served as inspi-
ration for biomimetic applications related to structural color
[1-8]. These jewel scarabs (not to be confused with jewel beetles
in the Buprestidae family) recently underwent a taxonomic
revision in which the former genus Plusiotis was reclassified as
the genus Chrysina [9], derived from the Greek word chrysos
meaning gold. Not only do many of these Chrysina beetles
have mirror-like golden surfaces, they also demonstrate the
rare optical phenomenon of reflecting circularly polarized light
(CPL). Ever since the discovery that the golden scarab beetle,
Chrysina resplendens, reflects CPL [10], there has been interest in
understanding how widespread this phenomenon is and what
features of the cuticle contribute to CPL reflectance.
Interestingly, most Chrysina beetles examined thus far are
known to strongly reflect left-handed circularly polarized
(LHCP) light [11], but Michelson first noted that C. resplendens
also reflected right-handed circularly polarized (RHCP) light
[10]. The helicoidal layers in the cuticle responsible for the CPL
reflectance have since been identified [7,12,13]. C. resplendens
is unique thus far among other studied species in the Chrysina
genus because its cuticle has two left-handed helicoidal regions,

1559-128X/20/210F85-09 Journal © 2020 Optical Society of America

separated by a unidirectional layer of birefringent material
that acts as a half-wave plate retarder [12,14]. Over a certain
wavelength range, this arrangement results in RHCP traveling
through the first helicoidal layer, followed by a switch to LHCP
upon the first transmission through the unidirectional retarder
layer, then reflection by the second helicoidal layer, and then a
switch back to RHCP reflectance on the return path through the
unidirectional layer [12,14].

Even though transmission electron microscopy has revealed
the ultrastructure of the cuticle of several specimens of
C. resplendens that results in CPL, we still lack a complete
understanding of how these chirped helical layers affecc CPL
signatures. Different studies have reported wide variations in
the handedness and spectral response of CPL reflections in C.
resplendens [11,15-21]. Some of these variations are the result
of differing methods for measuring the CPL reflectances. For
example, Hegediis ez al. used imaging polarimetry to char-
acterize whole specimens of C. resplendens and other scarabs
at blue, green, and red wavelengths [15]. Pye examined how
widespread the phenomenon of CPL reflectance is in many
groups of scarabs including C. resplendens, but this study did not
distinguish wavelength-dependent effects [11]. Hodgkinson
et al. [16] used ellipsometry methods to determine that the
Mueller matrices for C. resplendens correspond with both
right-circular and left-circular polarizers in the 400 to 900 nm
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wavelength range. Ferndndez del Rio [17] and Arwin ez al. [18]
also conducted Mueller matrix spectroscopic ellipsometry, but
their small (<100 pm) spot size and high angle of incidence
(between 25° and 75°) relative to the surface plane measure-
ments may not give us information about what another beetle
or predator or prey may see as compared to Mueller matrix
measurements that average over the entire elytral surface of
the beetle. Additionally, Mendoza Gélvan et a/. later used data
measured from electron microscopy images (which may be
influenced by tissue shrinkage that occurs during preparation)
to model an expected Mueller matrix for C. resplendens, and
showed RHCP reflectance peaking at over 800 nm [19] as
compared to Goldstein’s measured Mueller matrix that showed
RHCP peaking at approximately 600 nm [20,21].

Because studies have suggested that certain metallic or
golden beetles besides C. resplendens may also have wavelength-
dependent CPL reflectance that may switch handedness, our
study aims to further characterize these polarization proper-
ties, such as degree of polarization, handedness, and ellipticity,
in additional species of scarab beetles. Our study is the first
direct follow up to Goldstein’s study [21] using the same spec-
tropolarimetric reflectometer to measure the complete Mueller
matrices of five species of golden scarabs (all from similar
habitats in mountainous forests in Central America). While
C. resplendens is arguably the beetle species that has received the
most attention in the past and is included in this current study,
we also include an additional four golden species that have never
been measured before with this spectropolarimetric reflectom-
eter method. By taking measurements that average over the
entire elytral surface at normal incidence, we can compare our
results with those obtained from ellipsometry methods and with
those studies that characterize handedness based on viewing the
beetles through polarizing filters in order to gain new insights
into any ecological relevance of these polarization signatures.

2. EXPERIMENTAL DETAILS
A. Specimens

Spectral Mueller matrices were measured of five species of
golden scarab beetle in the genus Chrysina: Chrysina argenteola
(22], Chrysina batesi (23], Chrysina chrysargyrea [24], Chrysina
resplendens (23], and Chrysina strasseni [25]. These beetle speci-
mens were obtained on loan from the Florida State Collection of
Arthropods in Gainesville, Florida, and had originally been col-
lected in cloud forests in Costa Rica, Colombia, or Guatemala
[26]. While we only report the complete Mueller matrices for
one individual from each of the five species, we additionally
report the Mueller matrices from eight specimens of a species
previously measured by Goldstein, Chrysina gloriosa [9,27],
to estimate the amount of variability that can exist within a
single species. All beetle specimens were photographed using
a Canon EOS 40D digital camera, with no polarizing filter
initially, and then subsequently using a RHCP filter prior to the
specimen being mounted and aligned in the spectropolarimetric
reflectometer (Fig. 1).

Research Article

PSG BS

FTS

PSA

Detector

Fig.1. Spectropolarimetric reflectance measurement configuration.
FTS is the Fourier transform spectrometer, PSG is the polarization
state generator, BS is the beam splitter, and PSA is the polarization
state analyzer. The red arrows represent the light beam (that is larger
than the beetle) hitting the dorsal curved surface of the beetle sample at
normal incidence in this lateral view.

B. Dual Rotating Retarder Mueller Matrix
Spectropolarimetric Reflectometer

The spectropolarimetric reflectometer used herein for Mueller
matrix measurements is an instrument that measures spectral
polarization properties of materials in transmission or reflection
modes (Fig. 1). Its core is based on a commercial Fourier trans-
form spectrometer (FTS), and it was previously described [28],
patented [29], and used for precision measurements [20,21]
for a variety of applications. For purposes of the measurements
described here, the spectrometer is used with one source, an
Oriel xenon lamp, and one silicon detector, such that the light
collected is light that has been retroreflected at normal, or close
to normal, incidence from the back of the beetles. Note that the
light source has slightly lower intensity at shorter wavelengths,
and the detector is also less responsive at shorter wavelengths.
Together, these contribute to a lower signal and higher noise at
shorter wavelengths compared to other wavelengths, as demon-
strated in previous measurements [20,21,28]. The spectrometer
serves as a radiation source for the polarimetric portion of the
instrument and is operated in the conventional absorption spec-
troscopy mode. The radiation generated by the spectrometer is
brought out through the spectrometer’s external port.

Figure 1 shows the basic optical schematic of the instrument
for monostatic reflectance measurements. The beetle sample
was mounted vertically a short distance past the beam splitter
(BS). The spot size was larger than any beetle specimen, which
was pinned against a piece of black foam smaller than the beetle
and so the beetle appeared suspended in air, such that any stray
light that did not reflect off the dorsal surface of the beetle would
go off several meters in the dark room to a beam dump and not
be picked up by the detector. The optical system that collects
light for the detector consists of an off-axis parabolic mirror.
This mirror is oriented to look toward the beam splitter and to
focus light on the detector that is mounted perpendicularly to
the light coming from the beam splitter. The parabolic mirror,
detector, and mounting devices form the detector assembly.
The spectrometer was also used without any modification of the
polarization of the source radiation (i.e., no added polarization
elements). In this mode, it functions as a spectral reflectometer.

To obtain spectropolarimetric measurements, a dual rotating
retarder Mueller matrix polarimeter, described by Azzam [30],
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isincluded in the system. This polarimeter consists of a polariza-
tion state generator (PSG) before the sample and a polarization
state analyzer (PSA) after the sample. The PSG consists of a
linear polarizer followed by a quarter-wave retarder. The PSA
consists of a quarter wave retarder followed by a linear polarizer
in front of the detector assembly. Although achromatic retarders
are used that were nominally quarter wave in the spectral region
being measured, the exact retardance is not critical since errors
in retardance from quarter wave are known from the calibration
of the instrument and are compensated for during processing
of the sample measurements (for complete calibration details,
see [28,31]). When the retarders are rotated in a 5:1 ratio, all
16 elements of the sample Mueller matrix are encoded onto 12
harmonics of the detected signal; these are then Fourier ana-
lyzed to recover the Mueller matrix elements. Other previous
implementations of this Mueller matrix polarimeter have been
described elsewhere [32].

C. Theory and Calculations

The Mueller matrix formalism determines the reflected Stokes
vector 8, in response to any incident Stokes vector §; according
to the equation

S, =MS;, (1)
where the Mueller matrix is
my1 M2 M3 M4
M= ma1 Moy M3 M4 i 2

m31 M3 M33 M34
M4 M4 M43 M44

where 5, is the linear polarizance in the horizontal/vertical,
ms3; is the linear polarizance at £45°, and my; is the circular
polarizance [33].

If unpolarized light illuminates the elytral surface of the bee-
tles, our incident Stokes vector is

S O~

: 3

(=}

S, (4)

m41

By making spectral measurements using the spectropolarimet-
ric reflectometer, all Mueller matrix elements are wavelength
dependentand span visible wavelengths from 0.4—0.7 um. This
permitted us to calculate spectral polarization-related metrics.
We determined the polarization state and degree as a function
of wavelength. These results showed the amount of circular
polarization reflected from the entire elytral surface of the beetle
was wavelength dependent. More specifically, and similar to
Arwin et al’s study [18], we calculated the spectral degree of
polarization (circular and linear) and the spectral ellipticity.
Again, assuming unpolarized light illuminates the surface, these
parameters of reflected light are
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Degree of Circular Polarization, or DoCP = my;,  (5)
Degree of Polarization, or DoP = \/m3, + m3; + mj,, (6)

and

Degree of Linear Polarization, or DoLP = ,/m3, + m%,. (7)
Equations (5)—(7) combine to show that the square of the degree
of total polarization is equal to the sum of the squares of the
degree of linear polarization and degree of circular polarization,
or

DoP? = DoLP? 4+ DoCP2. (8)
This relationship is useful for interpreting some of the results
presented in the next section.

Theellipticity of the polarization ellipse is given by

1 1

- m41
—sin
2

/. 2 2 2
myy + m3y + my

Pure LHCP light reflectance would have a DoCP (4;) value
and an ellipticity value of —1, while the values for pure RHCP
light reflectance would be +1. All polarization metrics were
calculated from the raw unfiltered Mueller matrices (normalized

¢ =tan

(9)

to m1; = 1). The matrix elements were then smoothed along
the wavelength axis using a median moving average filter (order
20). Additionally, the spectral reflectances of all beetles were
measured using the same setup without polarization elements.
The relative reflectance is normalized to the maximum spectral
reflectance and smoothed using a median moving average filter
(order 16). Thus, the reported reflectance measurements of
the five beetle species are by necessity relative comparisons of
the spectral peaks between species, since the spot size is larger
than the beetles and the curved backs of the beetles, which are of
differentsizes, cannot be estimated as flat uniform panels.

3. RESULTS
A. Appearance Through CPL Filter

The five species of scarab beetles from the genus Chrysina exam-
ined in this study were chosen for their golden appearance and
for comparison of their Mueller matrices to previously pub-
lished results [15-21]. Photographs of these species without
any polarizing filter (top row, Fig. 2) and through a RHCP filter
(bottom row, Fig. 2) revealed that four of the five species showed
aloss of color (becoming dark brown) through the RHCP filter.
C. resplendens was the only beetle of these five that did not dra-
matically change appearance through the RHCP filter, as has

also been shown in previous studies [15,21].

B. Reflectance

The spectral reflectances of the five species of beetles show sim-
ilar reflectance peaks in the yellow to red part of the spectrum
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No filter

Fig. 2.

Photographs of the five scarab species. The top row shows the beetles with no polarization filter. The bottom row shows the beetles

through a RHCP filter. From left to right: Chrysina resplendens, Chrysina argenteola, Chrysina chrysargyrea, Chrysina batesi, and Chrysina strassens.

Scale baris 10 mm.
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Fig.3. Normalized reflectance spectra for the five golden beetle species at normal incidence.

that match with their “gold” appearance (Fig. 3). The oscil-
lations indicate interference that is often seen in “metallic”
colored animals that is a result of their cuticle structure [34,35].
As described in Section 2.C, these reported values are normal-
ized values with arbitrary units, allowing for comparisons of
spectral peaks, rather than absolute reflectance measurements

(Fig. 3).

C. Mueller Matrix

The complete spectral Mueller matrix for C. argenteola is shown
in Fig. 4 (see Fig. S1 for the other four species measured).
C. argenteola, C. chrysargyrea, C. batesi, and C. strasseni were

all similar to Goldstein’s measurement of a different metallic
(silver) species, C. clypealis [21]. C. resplendens was the only
species out of the five examined that shows additional features
in the Mueller matrix (Fig. S2 C). These are described in more
detail along with other derived metrics below. Every gold species
other than C. resplendens resembled a textbook Mueller matrix
example of a wavelength-independent homogenous left-circular
polarizer over most of the visible spectrum, i.e.,

1 00-—1
0000
0000
—-100 1
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Fig.4. Mueller matrix spectra for C. argenteola at normal incidence.

D. Left- and Right-Handedness and Other

Polarization Parameters

First, to determine the amount of variabilicy that can be

found within one species of beetle, we measured the Mueller

matrix and calculated derived metrics for eight specimens of

C. gloriosa—a species previously reported in [21] (Fig. S2).

Because overall variation between specimens of this species was

[ |—— Chrysina argenteola
—— Chrysina batesi
Chrysina chrysargyrea
0.5 ——Chrysina resplendens
—— Chrysina strasseni

DoCP

low (Fig. S2), the following results are reported only from a
single specimen from each of the five golden species.

We explored derived metrics from the spectral Mueller matrix
that are believed to be of biological significance: the degree of
circular polarization (DoCP), ellipticity (e), degree of polariza-
tion (DoP), and degree of linear polarization (DoLP) (Fig. 5).
The DoCP is the element my;. Values below zero indicate
LHCE, and values above zero indicate RHCP. The ellipticity

0.5 0.55 0.6 0.65
Wavelength (zm)

DoP

0.4 0.45

Fig. 5.

0.5 0.55 0.6 0.65

Wavelength (zm)

0.7

Ellipticity

0.4 0.45 0.5 0.55 0.6 0.65 0.7
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0.4 0.45 0.5 0.55 0.6 0.65 0.7
Wavelength (zm)

Polarization metrics calculated from the Mueller matrices for the five species of beetles. Clockwise from top left: the degree of circular

polarization (DoCP), ellipticity, degree of linear polarization (DoLP), and degree of polarization (DoP).
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also tells us how circular the polarization is, with pure LHCP
values at —1 and pure RHCP values at +1. While it may seem
that DoCP and the ellipticity are closely related, there are cases
where DoCP can be small but ellipticity is still close to one (pure
circular). We must also consider how much of the total reflected
light is polarized (DoP) which includes both DoCP and DoLP
[see Egs. (5)—(8)].

Four of the five beetle species showed similar signatures, with
DoCP values between —0.7 and —0.9 and ellipticity values
between —0.8 to —1.0 (Fig. 5). This indicates that these beetles
were strongly LHCP spanning most of the visible spectrum.
C. resplendens was the only species of the five that showed any
wavelength-dependenctsshift to RHCP (Fig. 5).

C. resplendens showed LHCP from 400 to 480 nm, then
switched to RHCP from 480 to 525 nm. Then there was
another switch back to LHCP from 525 to 600 nm, and
another switch to RHCP from 600 to 690 nm (Fig. 5). These
wavelength-dependent switches in handedness are similar to
what Goldstein [20,21] measured in a different C. resplendens
specimen (see Fig. S3). During the first switch to RHCP (480-
525 nm), the DoCP and ellipticity were approximately 0.15 and
0.4. During the second switch to RHCP (600-690 nm), the
DoCP and ellipticity were approximately 0.33 and 0.9.

Interestingly, C. resplendens has a low DoP and low DoLP
whereas the other four species have a very high DoP and low
DoLP, consistent with their high “amount” of LHCP (where
DOCP approaches —1). Referring to Eq. (8), C. resplendens
shows a low DoLP and a low DoP, which must indicate low
DoCP (i.e., closer to 0). The other four golden species show a
low DoLP and a high DoP, which must indicate a high DoCP
(i.e., closer to —1 in this case). Therefore, while C. resplendens
does demonstrate RHCP, the overall DoP is very low relative
to the other four species. This result is also consistent with the
RHCP-filtered photographs (Fig. 2), where C. resplendens does

not change appearance as dramatically as the other four species.

4. DISCUSSION

A. Reflectance and Polarization Properties
of the Beetles

While the five species of golden scarabs examined in this study
look similar to the naked human eye (Fig. 2), C. resplendens
is clearly distinct from the other four species in several ways.
Beginning with reflectance (Fig. 3), C. resplendens shows a more
gradual reflectance increase spanning 500 to 600 nm. The other
four species exhibit a “cuton” phenomenon at ~500, 520, or
540 nm and show a rapid increase in reflectance over the 500 to
540 nm spectral range. C. batesi and C. strasseni appear to have
the same “cuton” and show similar interference features at
higher wavelengths (580 to 700 nm), suggesting a similar cuticle
ultrastructure.

Our measurements of polarization properties further reveal
that C. resplendens is unique among the metallic beetles mea-
sured. C. argenteola, C. batesi, C. chrysargyrea, and C. strasseni
have a high, nearly constant, left-handed DoCP spanning most
of the visible spectrum. Together, the DoCP and the ellipticity
indicate the four species have a very high amount or DoCP of
~—0.8 and ellipticity of ~—0.9. Since —1 for either of these
metrics indicates pure LHCE, the four species are technically
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elliptically polarized; however, they are approaching a full
degree of circular polarization, and the ellipse is geometrically
approaching a circle. In contrast, C. resplendens has a unique
DoCP signature as compared to those other four species. The
DoCP is relatively very low (~—0.4 to 0.3) as compared to
a near constant DoCP ~ —0.8 for the other four species. The
DoCP spectrally shifts twice from left-hand elliptically polarized
to right-handed elliptically polarized. This spans an ellipticity
from —0.75 (left-hand elliptical) to +-0.4 and 4+0.9 (right-hand
elliptical) as a function of wavelength. The C. resplendens is the
only beetle observed in our study that exhibited these prop-
erties. There are slight differences in the measurement results
between the C. resplendens specimen measured in this study
and a different individual measured in 2006 by Goldstein [21].
These differences can likely be explained by nutritional or envi-
ronmental conditions that affect the exact composition of the
cuticle (Fig. S3). The overall trend of the switch between LHCP
and RHCP is demonstrated in both specimens (Fig. S3).

These spectral transits of C. resplendens into the RHCP
regime add to the total DoP. This is prominently noted by a
large spectral Dol feature approaching 0.33 at 663 nm and
one of lesser prominence of 0.24 at ~500 nm. Additionally,
C. resplendens has a slightly higher DoLP of 0.15-0.5 (400—
500 nm) and a slightly lower DoLP of 0-0.1 (550-700 nm) as
compared to the other four species. The other four species have a
very low DoLP of 0.05-0.20 spanning the entire visible spectral
region. For low DoLPs, the total DoP will be dominated by the
behavior of the DoCP.

B. Comparison of Methods for Determining Mueller
Matrices in Beetles

While we have not yet performed transmission electron micros-
copy to examine the ultrastructure of the cuticle of these five
particular specimens, other studies have examined C. resplendens
[12,14] and C. chrysargyrea [7] as well as other LHCP species
of scarabs [13]. Based on our Mueller matrix measurements,
we expect that the four specimens of C. argenteola, C. batesi,
C. chrysargyrea, and C. strasseni have similar cuticle architecture
and that C. resplendens is the only golden species with a different
structure that consists of a birefringent layer that is sandwiched
between two helicoidal layers. Interestingly, while we can use
measured Mueller matrices to infer characteristics of the cuticle
ultrastructure, we suggest that going in the opposite direction
or using ultrastructure measurements alone to infer the Mueller
matrix may result in inaccurate spectral peaks for both LHCP
and RHCP reflectances (e.g., as reported by [19]). This may
be due to the fact that exact thickness of layers in the cuticle of
beetle specimens (dead or alive) can be difficult to determine
because of the shrinkage of tissues that occurs when preparing a
specimen for examination using electron microscopy.
Additionally, visual observations in the past generally have
declared the characteristic of LHCP or RHCP by use of a like
polarizer without reference to the degree of left or right elliptical
character [11,15]. Our work provides a quantitative assessment
of the amount that these five species of golden scarab becetles are
elliptically/circularly polarized. Importantly, our measurements
of Mueller matrix spectra account for the optical signature of the
entire dorsal surface of the beetle. Because beetles have curved
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backs, “normal incidence” refers to the fact that the beam of
light (larger than the beetle) is positioned normal to the entire
specimen. Since Goldstein presented the first complete Mueller
matrix data for three species of scarab beetles [21], several
studies have relied on ellipsometry methods to obtain Mueller
matrix spectra for different scarabs at oblique incidences, using
a small spot size (<100 pum) on the beetle’s elytral surface
[16-18,36-39]. It is interesting that our measurements of
C. argenteola at normal incidence differed significantly from
Arwin et al’s [18] ellipsometer measurements, which were
collected at non-normal incidence. These ellipsometer measure-
ments at specific angles are most valuable in the determination
of the internal structure along with validated models based on
physical measurements of the layered structures; however, they
are not necessarily representative of what one sees on obser-
vation of the beetles through circular polarizers by eye or with
photographic equipment, or what one measures with the spec-
tropolarimetric reflectometer with the specimens reflecting light
off the entire surface. Our measured DoCP for C. argenteola
was close to —1 across most of the visible spectrum, quite dif-
ferent from Arwin ez a/.’s measured DoCP that, at angles above
45°, showed a switch from LHCP to RHCP values. At 65°, C.
argenteola showed high RHCP DoCP values between +0.6
and 4-0.8 at wavelengths between 600 and 800 nm [18]. That
the handedness can change depending on angle of incidence
requires further investigation. In C. resplendens, for example, we
expect that the optical pathlength through the wave retarder in
the beetle elytra will not be the same at different angles.

C. Biological Significance

The above comparisons bring into question what ecologically
relevant polarization signals can be determined from the various
methods of measuring Mueller matrices in beetles. While ellip-
sometry measurements can certainly reveal information about
the nanostructure of the beetle’s cuticle and other useful optical
information, they may not be relevant for understanding what a
beetle or its predators or prey would actually see when viewing
another beetle against a leafy background in a montane forest
canopy. The spectropolarimetric reflectometer is designed to
approximate the polarization and reflection signatures that may
be observed in a natural environment, such as in the case of a
beetle flying above another beetle and looking down at its dorsal
surface.

Currently, we have little to no information about whether
any of these golden scarab beetles may be able to distinguish
any CPL signature. Overall, CPL reflections are rare in nature.
However, recently marine crustaceans called stomatopods
have been shown to use CPL signals in communication [40].
In fact, these crustaceans are able to distinguish LHCP from
RHCP [41]. Whether or not CPL is detectable or serves a visual
function in beetles remains unclear. Brady and Cummings [42]
claimed that the beetle C. gloriosa, a strongly LHCP beetle, is
able to differentiate unpolarized light from CPL, but the beetle
C. woodi, a more elliptically polarized beetle, was not able to
differentiate CPL. This suggests that the degree of polarization
and ellipticity may play an important biological role. However,
this study did not eliminate brightness cues as a confounding
factor. Miao ez al. [43] showed that Anomala copulenta use green
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cuticle-reflected light for mate choice, but this approach did
not allow the effects of color and polarization to be separated.
Blahd ez al. [44] tested four different species of scarab beetles and
found no evidence that they were attracted to CPL when feeding
or looking for mates or conspecifics.

Our study shows that C. resplendens has a very low DoP
and DoLP, whereas the other four species have very high DoP
and low DoLP consistent with a “high toward the left” DoCP
(approaches —1). Whether or not the DoP exhibited by any
species of golden scarab is enough to be detectable by the bee-
tles requires further investigation into their visual capabilities,
including their spectral sensitivities. For example, most insects
are notable to see red; yet, all the beetles we measured show spec-
tral reflectance peaks in the yellow to red part of the spectrum,
and the second switch to RHCP in C. resplendens takes place
around 650 nm. It was recently shown that an increased level
of specular reflection of leaf backgrounds contributes to the
survival of a certain species of shiny iridescent beetle, Sternocera
aequisignata [45]. The camouflage of this beetle’s iridescence
is enhanced, at least according to human vision, by the bee-
tle choosing glossier backgrounds [45]. Additionally, Feller
et al. [46] suggested that the golden reflectors in C. resplendens
illustrate that intrinsic polarization properties can function to
improve the overall reflectivity of the structure. These findings
beg the question about whether our studied scarab species are
under selection to increase their golden reflectivity to appear
camouflaged to predators but perhaps use circular polarization
(which is highly unlikely to be seen by any bird or mammal
predator) as a covert signal.

Exploring whether any scarab beetles are actually sensitive
to CPL and whether their eyes possess any potential mor-
phological mechanisms for detecting and analyzing CPL is
an important next step before we can then address questions
regarding whether circular polarization functions as a covert sig-
nal. Generally, Chrysina species are found to occur in sympatric
assemblages [2]; thus, the need to distinguish between closely
related species may be an important evolutionary driver to CPL
reflectance patterns.

5. CONCLUSIONS

This study compared five species of golden scarabs that—to
humans at least—look similar and that have overlapping habi-
tat distributions in mountainous forests in Central America.
Previously, individual studies have been undertaken to charac-
terize one species, or compare a few species of different colors,
or examine the Mueller matrices at specific high angles of inci-
dence. We wanted to follow up on Goldstein’s 2006 study to
further explore the polarization properties of these “gold bugs”
to determine if a common feature of being a golden scarab is
having circular polarization that switches handedness depen-
dent on wavelength. We conclude that C. resplendens is the only
golden scarab species known that demonstrates a switch from
LHCP to RHCP dependent on wavelength. Our measurements
account for the entire elytral surfaces of the beetles, which is
representative of what another beetle or predator would see. We
conclude that C. resplendens has different polarization signatures
than the other golden scarabs we measured, and future work will
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examine their eyes to determine if they can discriminate LHCP

or RHCP light.
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