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A tunable reflector enabling crustaceans to see
but not be seen
Keshet Shavit1, Avital Wagner1, Lukas Schertel2,3, Viviana Farstey4, Derya Akkaynak4,5, Gan Zhang1†,
Alexander Upcher6, Amir Sagi7,8, Venkata Jayasurya Yallapragada9, Johannes Haataja2*, Benjamin A. Palmer1*

Many oceanic prey animals use transparent bodies to avoid detection. However, conspicuous eye pigments,
required for vision, compromise the organisms’ ability to remain unseen. We report the discovery of
a reflector overlying the eye pigments in larval decapod crustaceans and show how it is tuned to render
the organisms inconspicuous against the background. The ultracompact reflector is constructed from
a photonic glass of crystalline isoxanthopterin nanospheres. The nanospheres’ size and ordering are
modulated to tune the reflectance from deep blue to yellow, enabling concealment in different habitats.
The reflector may also function to enhance the acuity or sensitivity of the minute eyes by acting as an optical
screen between photoreceptors. This multifunctional reflector offers inspiration for constructing tunable
artificial photonic materials from biocompatible organic molecules.

M
any pelagic animals (such as jellyfish,
mollusks, and fish) use transparent
bodies to appear invisible in the ocean
as a defense against predation (1). How-
ever, to enable vision, these organisms

require highly conspicuous eye pigments that
enhance their risk of being detected (2, 3).
Transparent organisms have developed inge-
nious strategies to circumvent this trade-off
between seeing and not being seen (4), in-
cluding reducing the size and visibility of eyes
(5) and retinas (6) or using mirrored irises (7)
to conceal eye pigments. In addition to pos-
sessing condensed retinas (6), larval crusta-
ceans use an alternative strategy: a reflector
overlying the opaque eye pigments whose col-
or is matched to the background, providing
crypsis (2, 3). This reflector produces a charac-

teristic eyeshine distinct from the reflectance
of tapeta lucida displayed by many other orga-
nisms. The eyeshine phenomenon is present
in many larval Malacostracans (8–11), but the
nature of the photonic structure is unknown.
We show that the eyeshine of larval deca-

pods is produced by a photonic glass [a disor-
dered assembly of wavelength-sized, dielectric
spheres that express resonant scattering be-
havior (12–14)], constructed from high refrac-
tive index nanospheres (15, 16). Deep blue to
yellow-green eyeshine in different species is
produced by tuning the size of the crystalline
nanospheres, enabling crypsis in aquatic hab-
itats with different optical properties. We ob-
served that some decapod species also change
their eyeshine color when subjected to different
light intensities (dark and light adaptation).

This is achieved through a modulation in the
nanosphere ordering and suggests an ability to
dynamically match their eyeshine to a chang-
ing background. The reflector may also function
to screen cross-talk between adjacent photo-
receptors, potentially mitigating against the
visual costs of having extremely small eyes.
To investigate the eyeshine phenomenon, we

studied a model species of freshwater prawn,
Macrobrachium rosenbergii (Fig. 1A), as well as
larval crustaceans collected from the Gulf of
Aqaba (Fig. 1, B to I, and supplementary ma-
terials). The collected prawn, shrimp, lobster,
stomatopod, and crab larvae have completely
transparent bodies but exhibit striking blue,
green, silver, and yellow-green eyeshine (Fig. 1).

Ultrastructural properties of the reflector

Todetermine the structural originof theeyeshine,
the brilliant yellow-green eyes of M. rosenbergii
were imaged by means of optical (Fig. 2, A to
C) and cryogenic scanning electronmicroscopy
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Fig. 1. Eyeshine reflectance in larval crustaceans. Polarized light micrographs of decapod and stomatopod larvae. (Insets) Higher-magnification images of the
eyes. (A) A giant freshwater prawn, M. rosenbergii (development stage; zoea 2) (supplementary materials, materials and methods). (B) Zoea of a brachyuran crab.
(C and D) Zoeae of caridean shrimp. (E) Zoea of a porcelain crab. (F and G) Stomatopod larvae. (H) Zoea of an axiid shrimp. (I) Phyllosoma of an achelate lobster.
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(cryo-SEM) (Fig. 2, D to H). Larval decapods
have apposition eyes, constructed from hex-
agonal eye units called ommatidia (Fig. 2A)
(9, 11, 17). The upper part of each ommatidium
contains a proteinaceous body (the crystalline
cone) that channels light onto the photorecep-
tors (Fig. 2, C to E). Polarizing optical micro-
graphs viewed along the eye’s optic axis
reveal a highly reflective material at the
base of the crystalline cones. The reflective
material is absent from the optical pathway,
allowing light from the cones to pass to the
underlying photoreceptors (Fig. 2B). The re-
flective material also contains projections that
extend into the retinal zone (Fig. 2C, arrow-
heads) that comprises the retinal cells, rhabdoms
[the photoreceptive unit of crustacean eyes (9)],
screening pigment cells, and nerve connections.
Cells (fig. S1) at the base of the cones contain

assemblies of ~400-nm particles (Fig. 2, E and
F). The particles are composed of crystalline
isoxanthopterin (figs. S2 and S3) and are
identical to those in the reflective tapetum of
adult decapods (18, 19). The extreme refrac-
tive index (n = 1.96) (18, 19) nanospheres are
constructed from a spherulitic assembly of
single-crystal isoxanthopterin plates, arranged
in lamellae around a hollow core (Fig. 2F, in-
sets, and fig. S3). The anisotropic orientation
of refractive indices arising from this spheru-
litic birefringence enhances scattering effi-
ciency (18, 19). Isoxanthopterin particles were
present in all shrimp (fig. S4) and prawns we
investigated, but a different reflective material is
used in stomatopods or crabs (figs. S5 to S7). We
attribute the eyeshine ofM. rosenbergii and the
marine shrimp to the isoxanthopterin-containing
cells. The presence of isoxanthopterin in
both the larval and adult shrimp reflectors
suggests that the eyeshine reflector may be a
developmental “precursor” to the adult tape-
tum (fig. S8) (9). Thus, a single material fulfills
two distinct optical functions during develop-
ment according to the changing visual ecology
of the organism: the requirement for crypsis in
larvae and dim light vision in adults (17).
On the dorsal side of the eye, the reflective

cells form a reflective sheath around the ab-
sorbing pigment cells, effectively shielding them
from view (Fig. 2, E, G, and H, and fig. S4).
Conversely, the ventral side of the eye appears
dark because the absorbing pigment lies
on top of the reflective cells (fig. S9). Because
larvae swim upside-down (9), the dorsal-lying
reflective cells point downward, countershad-
ing the conspicuous eye pigments when viewed
from below (9). The elongated projections of
the reflective cells seen in optical micrographs
(Fig. 2C) form a separation between adjacent
rhabdoms (Fig. 2, E, G, andH) (9). The cellular
extensions that interdigitate the rhabdoms are
found in both the dorsal and ventral sides. This
suggests that the reflective cells may serve a
secondary function that directly enhances
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Fig. 2. Ultrastructure of the eyeshine reflector in M. rosenbergii larvae. (A to C) Polarizing optical
micrographs of (A) a live eye (zoea 5), exhibiting yellow-green reflectance; (B) a cross section through a
fixed eye (zoea 7); and (C) a longitudinal eye section viewed perpendicular to the eye’s optic axis (zoea 7).
Arrowheads indicate projections of the reflective cells extending into the retinal zone. Dashed trace denotes
the boundary of the cornea. (D to H) Pseudo-colored cryo-SEM micrographs of longitudinal eye sections
(zoea 4). (D) Low-magnification image of the eye showing the cornea (C; orange), crystalline cone
(CC; yellow), and retinal zone (RZ; green). The arrow indicates the direction of the incident light. (E) Higher-
magnification image showing the reflector cell (RC; green), screening pigment cells (P; red), and rhabdoms
(Rh; blue). Projections of the reflective cells extend down the sides of the rhabdoms and retinal cells. (F)
Region of interest in (E) showing a reflective cell comprising arrays of nanospheres. (Insets) (Top left) TEM
and (bottom right) cryo-SEM micrographs of individual core-shell nanospheres that comprise concentric
lamellae of isoxanthopterin crystal plates (18, 19). The scale is the same in both insets. [(G) and (H)] As
shown from two different angles, the reflector cells closely envelope the screening pigment, rhabdoms (Rh),
and retinal cells (Ret). (G) is viewed perpendicular to the eyes optic axis, and (H) is at a more obtuse
angle that shows the view along the ommatidia. In (H), the smooth, nonvesicular material surrounding the
rhabdoms, pigment cells, and reflective cells are membranes. The labeling for the various eye structures
in (C) to (H) was based on the anatomical descriptions provided in (9).
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vision—either as an additional screen between
photoreceptors (20) to improve acuity or as a
lateral tapetum-like structure that improves
sensitivity during activity in dim light environ-
ments (21).

Correlation between the eyeshine color
and nanosphere size

To rationalize the variation in eyeshine colors
in the various shrimp and prawn species, we

performed correlative cryo-SEM–reflectance
measurements (Fig. 3). The eyeshine reflec-
tance was measured and the shrimp grouped
according to the position and shape of their
reflectance peak(s). Four groups were assigned:
(i) blue, exhibiting a narrow reflectance max-
imum around 450 nm (Fig. 3A); (ii) turquoise,
exhibiting a broad reflectance band with max-
imum at 400 to 500 nm (Fig. 3B); (iii) silvery
blue, exhibiting broadband reflectance with

minor peaks at ~410 and~600nm(Fig. 3C); and
(iv) yellow-green, exhibiting a broad reflectance
maximum from 500 to 700 nm (M. rosenbergii)
(Fig. 3, D and E). Cryo-SEM images of the re-
flective cells in the different groups revealed
a clear correlation between the eyeshine color
and the size of the component nanospheres.
The reflectance shifted to longer wavelengths
as the nanosphere diameter increased from
~250 nm in blue-eyed shrimp to ~400 nm in
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Fig. 3. The reflectance and
structural properties of
reflective cells in different
shrimp and prawn larvae.
Column I shows cryo-SEM
images of single nanoparticles
from a reflector cell. Column II
shows representative cryo-SEM
images of the reflector cells.
White arrows indicate incident
light direction. Column III shows
the reflectance spectra from
the eyes. Pastel shading indi-
cates ±SD of the average
reflectance across numerous
specimens in the same color
group (table S1). (Insets)
Polarizing optical micrographs
of the eyes. Scale bar, 50 mm
and applies to all insets in
column III. (A to C) Zoeae of
different species of caridean
shrimp from the Gulf of Aqaba.
(D) Dark-adapted (DA)
M. rosenbergii (zoea 6). (E) Light-
adapted (LA) M. rosenbergii.
Average particle sizes for the
color groups are (A) blue,
247 nm (±7 nm, number of
particles measured N = 398);
(B) turquoise, 269 nm (± 15 nm,
N = 400); (C) silvery blue,
324 nm (± 14 nm, N = 338); and
(D) and (E) yellow-green
(M. rosenbergii), DA, 398 nm
(±30 nm, N = 179), and LA,
401 nm (±27 nm, N = 48).
Average 2D filling fractions of
the color groups are (A) blue,
57% (± 6%); (B) turquoise,
64% (± 5%); (C) silvery blue,
63% (± 7%); and (D) and (E)
yellow-green (M. rosenbergii), DA,
63 ± 9%, and LA, 64 ± 5%.
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the yellow-green M. rosenbergii (Fig. 3, A to
E, and table S1).

Adaptation of the eyeshine reflector
to camouflage in different habitats

These eyeshine colors appear to be well adapted
to the background habitats of the different or-
ganisms. Larval marine shrimp exhibit blue
to silvery blue eyeshine reflectance. The cal-
culated eyeshine radiance of these organisms
spectrally matches with the water radiance of
the clear blue waters of the Gulf of Aqaba at
different depths (Fig. 3, A to C, and figs. S10 to
S15). Moreover, M. rosenbergii, Macrobrachium
amazonicum (10), andPalaemonetes pugio (9),
which inhabit estuaries [characterized by high
organic content and turbid yellow water (22)],
possess yellow-green eyeshine reflectance (Fig. 3,
D and E, and fig. S16).
Feller and Cronin found (3) that the blue-

green eyeshine of stomatopodswaswellmatched
to deeper depths in their marine environment
and that depth was the key determinant in the
visibility of the eyes. In our experiments, the
marine shrimp shown in Fig. 3 were collected
at night from shallow water (10 to 25 m),
where they migrate from depth to feed (23).
During the day, decapod larvae migrate to
deeper depths to avoid predation from visual
predators (23, 24). In accordance with Feller
and Cronin, our data suggest that the eyeshine
of themarine shrimpcanprovide crypsis against
the background of their daytime habitats at
various depths (fig. S10 to S15).

Simulating the optical properties
of the eyeshine reflector

To elucidate the optical mechanism underly-
ing the eyeshine, we note that the upper limit
(supplemenatry materials, materials andmeth-
ods) of the two-dimensional (2D) particle filling
fraction in the reflective cells was typically
(Fig. 3 and fig. S4) between 50 and 70% (Fig. 3,
column II), which is much lower than that of a
close-packed photonic crystal (25). The nano-
spheres thus lack long-range periodicity but
display the short-range positional ordering of
a photonic glass structure. The scattering of
photonic glasses is determined by an interplay
between (i) the scattering properties of single
particles (the form factor, F) and (ii) correlative
scattering by particle ensembles (the structure
factor, S) (Fig. 4A) (26). The absence of strong
resonant peaks in form factor calculations
indicates that single-particle scattering does
not contribute appreciably to the optical re-
sponse (Fig. 4, A and B). Conversely, strong
structural peaks in the visible and infrared
(IR) spectra in structure factor calculationsmay
explain the experimental reflectance (Fig. 4C).
Weusedmolecular dynamics (MD) simulations
to generate photonic glasses with particle sizes
akin to those in the eyes and with a variety of
filling fractions and structures (Fig. 4 and figs.

S17 and S18). We simulated reflectance spectra
using the finite-difference time domain (FDTD)
technique (18, 27) for each observed parti-
cle size (Fig. 4D and figs. S17 and S18). The

simulated spectra reveal major peaks in the
visible and IR (Fig. 4D), corresponding to the
second- and first-order structural peaks pre-
dictedwith numerical calculations, respectively

Shavit et al., Science 379, 695–700 (2023) 17 February 2023 4 of 6

Fig. 4. Optical modeling of the eyeshine phenomena. (A) A schematic of the form F(q) and structure factor
S(q) contributions to the scattering of a photonic glass. (B) Total (solid trace) and backscattering (dotted trace)
cross sections for a spherical particle found in M. rosenbergii (diameter, 395 nm; refractive indices of particle and
medium, respectively, nparticle = 1.96, nmedium = 1.33) calculated with Mie theory (34). No resonance peak in the visible
spectrum is observed in the total scattering in contrast to the experimental reflectance (Fig. 3). The backscattering
spectra exhibits a low-intensity peak in the visible spectrum, which is much broader than in the experimental
spectra. (C) Percus-Yevick structure factor (35) for the experimentally observed particle sizes with a 3D filling
fraction of 50%, by using the Garnett effective refractive index for the system (36). The first-order structural
peak is in the red and IR, whereas a second-order peak lies in the visible spectrum. (D) MD and FDTD simulations
of 2- by 5- by 5-mm photonic glass slabs by using a lower-bound estimate (37.5%) of the 3D filling fraction.
(Left) Simulated spectra of solid (n = 1.74), hollow (n = 1.74), and hollow-birefringent particles (n = 1.96) for the
four experimentally observed particle sizes. (Right) Snapshot of the MD-simulated particle configurations. For
the 395-nm particle, a composite image is shown for rapid (disordered; yellow) and slow quench (more crystalline;
green) states, simulating the dark-light adaption observed in M. rosenbergii.
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(Fig. 4C). The position of the visible peak
correlates with the experimental reflectance
and red-shifts with increasing particle size
(Fig. 4D and fig. S19). Simulations using hol-
low and hollow-birefringent spheres led to an
enhancement in the intensity of the visible
peak and a suppression of the IR peak com-
pared with those of solid isotropic particles.
Although the IR reflectance is unlikely to be
biologically relevant, particle hollowness and
birefringence are seemingly used as a means
of enhancing scattering efficiency in the visi-
ble spectrum. The increased intensity of the
birefringent nanospheres is likely due to their
higher refractive index (n = 1.96), resulting
from the anisotropic alignment of the com-
ponent refractive indices in the spheres (18). The
reflectance intensities obtained from simula-
tions are lower than the experimental spec-
tra (Fig. 3) because of the small size of the
computed photonic glasses (fig. S20) and ex-
perimental factors (such as specular reflection).
Further evidence for the role of structural

correlations in the optical response came from the
observation that the eyeshine ofM. rosenbergii
changes reversibly in different light conditions.
Dark-adapted (DA) larvae have green eyeshine,
with a large reflectance peak at ~560 nm (Fig.
3D). Upon light adaptation, the peak broadens,
resulting in silvery yellow eyeshine (Fig. 3E).
This dynamically changing eyeshine indicates
that M. rosenbergii may spectrally match its
eyeshine appearance to a temporally chang-
ing background, which may be relevant during
diel vertical migrations (fig. S16) (23). Cryo-SEM
imaging shows that the particle size, filling
fraction, and absorbing pigment distribution
in DA and light-adapted (LA) eyes are constant
(fig. S21 and table S1). However, upon dark adap-
tation, spatial correlations in the particle ar-
rangement emerge, which is manifest in the
presence of disordered multilayers consist-
ing of three to five layers of particles (Fig. 3D
and fig. S21).
To rationalize the light-dark adaptation be-

havior, MD simulations were performed in
which the 395-nm particles were allowed to
equilibrate during a slow quench to achieve a
more well-ordered particle packing (Fig. 4D
and fig. S22). In comparison with the normal
glassy state, simulations that used hollow and
hollow-birefringent spheres in this configura-
tion led to an emergence of a reflectance peak
around 550 to 600 nm, resembling the changes
in DA and LA M. rosenbergii (Fig. 3, D and E).
The position of this peak aligns with that of
an ordered face-centered cubic lattice of such
particles, suggesting the structural origin of
this reflectance peak. In general, the simu-
lated spectra exhibit narrower peaks than the
experimental ones because the latter represent
the convoluted optical response from multiple
cells encompassed in the illumination volume
(an average over variations in filling fraction,

sample thickness, degree of disorder, and par-
ticle polydispersity).

Discussion

Our results show that decapod eyeshine re-
flectance is generated by a photonic glass
constructed from crystalline isoxanthopterin
nanospheres, whose location overlying the
screening pigments is consistent with a cam-
ouflage function (3). Reflectors are widely used
in animal eyes, and their function depends on
their location, nanostructure, and composi-
tion (28). Concave and radial mirrors form
images in scallop (29) and decapod crustacean
eyes (17, 19), respectively, and in many orga-
nisms, tapetal reflectors enhance sensitivity
by back-scattering light to the photoreceptors
(17). Mirrored irises in fish prevent unfocused
light entering the eye to preserve visual acuity
(7). Reflectors in the cornea of insects (30) or
embedded within the photoreceptors of crus-
taceans (21) spectrally filter light impinging on
the retinas. Ocular reflectors can also perform
nonvisual functions. For example, basally lo-
cated stratum argenteum reflectors in fish
eyes enhance camouflage by reducing the vis-
ibility of the pupil (31).
A distinguishing feature of the eyeshine re-

flector described here is its tunability and com-
pactness. Across different larval shrimp and
prawn species, the eyeshine color is modulated
by tuning the size of the isoxanthopterin nano-
spheres in the photonic glass. Within a single
species, eyeshine color can be changed by tun-
ing the particle ordering. Feller and Cronin
predicted (3) that because larval crustacean
eyes are minute, the underlying photonic struc-
ture must be ultracompact and efficient, un-
like the disordered multilayer reflectors of fish
scales (32), which occupy space unavailable
in the larval eyes. However, the most efficient
photonic structures—ordered quarter-wave
stacks and photonic crystals (25)—produce
iridescence (25), meaning that the color would
varywith viewing angle,which is not usually (33)
advantageous for crypsis. The use of a photonic
glass, comprising high-index isoxanthopterin
particles, enables efficient, angle-independent
colors to be produced, simultaneously fulfill-
ing the demands of crypsis (from all angles)
and compactness. There is a strong selective
pressure for transparent prey animals to re-
duce the size and visibility of their eyes (5, 6).
However, small eyes have lower resolution, and
thus there is an intrinsic trade-off between
the visibility of the eyes and the ability to see
(3). The presence of reflective cell projections
between the rhabdoms suggests that the eye-
shine reflector may also function to screen
adjacent photoreceptors (20). The enhanced
screening efficiency provided by a reflective
material (compared with an absorbing screen-
ing pigment) may enable the rhabdoms to be
more tightly packed, mitigating against the

cost to visual acuity of having minute eyes.
Our studies elucidate design strategies for
tuning the properties of biocompatible optical
materials: by controlling the size, ordering,
hollowness, and birefringence of the compo-
nent particles.
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A photonic glass to camouflage crustaceans
Eye pigments are usually required for vision, but for creatures that want to stay hidden, they make it easier to be
seen by others. This raises the question how marine invertebrates avoid being detected. Studying larval crustaceans,
Shavit et al. found that many of these animals use an ultracompact reflector that overlies the opaque eye pigments and
conceals them from view (see the Perspective by Feller and Porter). The reflection of light from the inner surface of the
eye is produced by a photonic glass comprising crystalline isoxanthopterin nanospheres. The size and ordering of the
nanospheres is varied to tune the reflectance from deep blue to yellow-green, enabling the organisms to blend in with
different habitats. The use of a photonic glass may also enhance the vision of the eye. —MSL
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