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Denis Audo'?'®, Joachim T. Haug®, Carolin Haug?, Sylvain Charbonnier?, Glinter Schweigert®,
Carsten H. G. Miller’ and Steffen Harzsch®

Abstract

Background: Modern representatives of Polychelida (Polychelidae) are considered to be entirely blind and have
largely reduced eyes, possibly as an adaptation to deep-sea environments. Fossil species of Polychelida, however,
appear to have well-developed compound eyes preserved as anterior bulges with distinct sculpturation.

Methods: We documented the shapes and sizes of eyes and ommatidia based upon exceptionally preserved fossil
polychelidans from Binton (Hettangian, United-Kingdom), Osteno (Sinemurian, Italy), Posidonia Shale (Toarcian, Germany),
La Voulte-sur-Rhone (Callovian, France), and Solnhofen-type plattenkalks (Kimmeridgian-Tithonian, Germany). For purposes
of comparison, sizes of the eyes of several other polychelidans without preserved ommatidia were documented. Sizes of
ommatidia and eyes were statistically compared against carapace length, taxonomic group, and outcrop.

Results: Nine species possess eyes with square facets; Rosenfeldia oppeli (Woodward, 1866), however, displays hexagonal
facets. The sizes of eyes and ommatidia are a function of carapace length. No significant differences were discerned
between polychelidans from different outcrops; Eryonidae, however, have significantly smaller eyes than other groups.

Discussion: Fossil eyes bearing square facets are similar to the reflective superposition eyes found in many extant
decapods. As such, they are the earliest example of superposition eyes. As reflective superposition is considered
plesiomorphic for Reptantia, this optic type was probably retained in Polychelida. The two smallest specimens, a
Palaeopentacheles roettenbacheri (Minster, 1839) and a Hellerocaris falloti (Van Straelen, 1923), are interpreted as
juveniles. Both possess square-shaped facets, a typical post-larval feature. The eye morphology of these small
specimens, which are far smaller than many extant eryoneicus larvae, suggests that Jurassic polychelidans did
not develop via giant eryoneicus larvae. In contrast, another species we examined, Rosenfeldia oppeli (Woodward, 1866)
, did not possess square-shaped facets, but rather hexagonal ones, which suggests that this species did not
possess reflective superposition eyes. The hexagonal facets may indicate either another type of superposition
eye (refractive or parabolic superposition), or an apposition eye. As decapod larvae possess apposition eyes
with hexagonal facets, it is most parsimonious to consider eyes of R. oppeli as apposition eyes evolved through
paedomorphic heterochrony.
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Conclusion: Polychelidan probably originally had reflective superposition. R. oppeli, however, probably gained

apposition eyes through paedomorphosis.

Keywords: Polychelida, Solnhofen, La Voulte-sur-Rhéne, Osteno, Nusplingen, Posidonia Shale, Heterochrony,

Deep-sea adaptations, Superposition eyes

Background

Eyes in the fossil record

The study of eye structures in fossil arthropods has
long been limited to that of highly calcified trilobites
[1]. Due to their sturdy outer surface, eyes and interior
structures, such as substructures of the lenses, are
regularly preserved in trilobite fossils [2]. The investiga-
tion of exceptionally well-preserved eye structures in
less heavily calcified arthropod taxa (e.g., crustaceans)
has attracted a great deal of scientific attention in re-
cent years. Although the preservation of such an appar-
ently fragile organ would appear to be exceptional, the
preservation of eye structures in sclerotized arthropods
is not uncommon. The good preservation of some such
fossil eyes has, in certain cases, even allowed the partial
reconstruction of putative optical properties [3-6].
Such studies focused on functional aspects of eyes pos-
sessed by early representatives of different arthropod
lineages to infer possible ancestral features, and thus to
shed light on the early evolution of eye structures in
sclerotized arthropods. These studies included eyes of
presumably early chelicerates [7-11] which, however,
have been alternatively interpreted as representatives of
the lineage towards Euarthropoda [12, 13] (see also
Haug et al. critical review [9]).

These early arthropods include a number of spec-
tacular taxa, such as (1) Anomalocaris sp. from Emu
Bay Shale [4] which is one of the arthropods with the
highest known number of ommatidia in the compound
eye, or (2) the early chelicerate Leanchoilia superlata
Walcott, 1912 which initially was believed to have pos-
sessed two pairs of compound eyes [14], but later was
suggested to have carried “just” one pair of bilobed
compound eyes [10] (as do other species of Leanchoilia
[15]). In addition, favorable incidents during fossilization
of Early Cambrian biota not only led to the preservation
of prominent epidermal sense organs (e.g., compound
eyes, cuticular sensilla), but also yielded information on
the anatomy, as was demonstrated most recently in the
early sclerotized arthropod from Chengjiang Fuxian-
huia protensa Hou, 1987, which displayed a tripartite
brain and optic neuropil [16]. Further studies also in-
cluded early representatives of the mandibulate lineage
other than trilobites; i.e., softer (non-calcified) and
smaller fossils of early representatives Crustacea sensu
lato [17] discovered as uncompressed fossils. In these,

the cuticle became impregnated by calcium phosphate,
in a so-called Orsten-type preservation [18]. Among
fossilized arthropods, trilobites and Orsten crustaceans
share the advantage of being preserved extraordinarily
well, retaining most of their original volume [18].

Besides these early derivatives of different evolutionary
lineages, fossilized eye structures of representatives of
extant groups have been described in Orsten-type preser-
vation, for example the compound eyes of an ostracod
[19], an achelate phyllosoma larva [3] and a possible
maxillopod [17]. Eyes preserved uncompressed in three
dimensions, ie. in their original volume, are also re-
ported in many arthropods from the La Voulte-sur-
Rhone nodules, notably in thylacocephalans [20-24] and
in glypheid lobsters [25].

A further source of exquisitely preserved fossils comes
from the plattenkalks. Although the body volume of
these fossils was not preserved entirely, as for instance
in Orsten’s or La Voulte’s fossils, at least some speci-
mens may show aspects of their original volume [26]),
or even appear almost uncompressed [27]. Specimens
with preserved eyes have been described from the fam-
ous Solnhofen-type plattenkalks of southern Germany
(e.g. an isopod). Additional, although not very well-
preserved examples of fossil eyes include those of benthesi-
cymid shrimps [28] and of cirolanid isopods [29, 30] from
the Late Cretaceous Sahel Alma Lagerstitte (Lebanon).

Eyes in polychelidan lobsters
Polychelidan lobsters are ascribed to Reptantia, a group
comprising mostly benthic crustaceans with elongated
pleon, such as spiny, slipper or squat lobsters, cray-
fishes, hermit crabs, and true crabs. Among Reptantia,
Polychelida is probably the sister group to Eureptantia
comprising all remaining groups of Reptantia [31]. The
predominantly benthic polychelidans have retained
some plesiomorphic characters from the ground pat-
tern of natantian shrimps, such as the triangular telson.
Polychelida is thus a key group for reconstructing char-
acter evolution in Reptantia, and Decapoda as a whole.
Adults of extant species of Polychelida are all thought
to be blind and to inhabit deep-sea ecosystems [32].
Their larvae, however, may retain functional eyes [33]
which may degenerate over the course of development.
In adults, the eye stalks are still present (except in Wille-
moesia Grote, 1873), but the corneae are always reduced;
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despite this, live specimens of Polycheles typhlops Heller,
1862 still reacted to the intensity of light [34]. However,
it is known that in the fossil record, many specimens of
polychelidan lobsters possessing eyes are present. Even
the oldest occurrence of fossil polychelidan, Coleia
uzume [35] from Japan and Tetrachela raiblana [36]
from Italy and Austria, both Carnian (Late Triassic),
seem to have had developed eyes as, although the eyes
themselves may not have been preserved, their cara-
pace margins are incised by developed ocular incisions
[35, 36]. Despite being documented fossilized eyes have
not been sufficiently discussed in an evolutionary con-
text [37-40]. Spence Bate [41] was the first to stress
the occurrence of eyes in some fossil forms, and as-
sumed their reduction in extant species. More recently,
Schweigert & Dietl [42] illustrated an eye-bearing speci-
men of Palaeopolycheles longipes (Fraas, 1855) from the
Nusplingen Plattenkalk and discussed its ommatidia.
On the basis of the ommatidial facets of Paleopopoly-
cheles longipes [24] as reported by Schweigert & Dietl
[42], and its phylogenetic position, Ahyong [43] sug-
gested that coleiids may have already shifted to deep
water, in which case the stem polychelids may have also
evolved in deep habitats.

Palaeoenvironments and associated faunas

Hettangian of Binton (United-Kingdom) The outcrop
of Binton (Warwickshire, United-Kingdom) corresponds
to the Wilmcote Limestone member of the basal Blue
Lias Formation dating from Rhaetian to Hettangian. The
Blue Lias Formation was deposited in a shallow epicon-
tinental sea covering England, which was “normally no
more than a few tens of meters deep” [44]. The Blue Lias
Formation yielded other fossils, including ichthyosaurs.

Sinemurian of Osteno (Italy) The main outcrop is a
quarry along the lake Lugano (Ceresio), near Osteno vil-
lage (Como, Italy). It is a Fossil-Lagerstitte (outcrop
with exceptional preservation of remains in connection,
with frequent soft-part preservation). It has yielded some
terrestrial plants (allochthonous). It more importantly
yielded an important exceptionally preserved marine
fauna dominated by crustaceans and thylacocephalans,
which also included fishes, cephalopods, polychaetes,
and acorn worms [45, 46]. The palaeoenvironment is
not well-constrained; however, Teruzzi [47] pointed out
similarities in the sponge community with those devel-
oping at the limit between the modern neritic—pelagic
basins. Osteno was therefore probably deposited in a
relatively deep palaeoenvironment.

Toarcian of Holzmaden and Gomaringen (Germany)
The outcrops of Holzmaden and Gomaringen (Baden-
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Wirttemberg, Germany) are parts of the Posidonia
Shale Formation. This formation represents a Fossil-
Lagerstitte celebrated for its exquisite preservation of an
abundant fauna of marine reptiles that included very
large specimens of ichthyosaurs, plesiosaurs, and croco-
diles. The Posidonia Shale Formation also yielded some
terrestrial tetrapods, numerous bony fishes, sharks, crus-
taceans, crinoids attached to driftwood, ammonites, bra-
chiopods, numerous bivalves and coleoids, including
some with soft parts preserved. Some plant fragments
(in addition to driftwood) also occur [48]. Deposition of
the Posidonia Shale and the nature of its palaeoenvir-
onment are subject of debate. Bottom water and/or
sediment seem to have been often anoxic, with short
period of oxygenation. The Posidonia Shale was pos-
sibly deposited at a depth of around 50-150 m [49].
The anoxia was possibly a result of significant product-
ivity in the overlying water, which may have caused the
benthic habitat to be quite dark.

Bajocian-Bathonian of Monte Fallano (Italy) Monte
Fallano is a recently discovered Fossil-Lagerstitte. Its
flat-bedded, micritic limestones are similar to those of
the plattenkalks of southern Germany; it was therefore
possibly deposited in a lagoon fringed by reefs in which
the (parautochthonous) fauna lived, similarly to the
younger southern German plattenkalks. This outcrop
yielded terrestrial plants, insects, numerous fishes, in-
cluding coral-feeding pycnodonts and crustaceans [50].

Callovian of La Voulte-sur-Rhéne (France) The Fossil-
Lagerstitte of La Voulte-sur-Rhone is celebrated for its
rich fauna preserving cephalopods with their soft parts,
abundant ophiuroids, numerous thylacocephalans (with
huge eyes), numerous crustaceans, sea spiders, coela-
canths and sharks. The La Voulte Lagerstitte is thought
to correspond to a deep-water environment, based upon
geological and palaeontological evidence (absence of
orientation of epizoans on sponges in adjacent outcrops,
presence of deep-sea cephalopods) summarized in Char-
bonnier [22, 51]. Polychelidans were probably autoch-
thonous to this outcrop [24].

Kimmeridgian-Tithonian plattenkalks of southern
Germany and Cerin (France) The southern Germany
plattenkalks are among the most famous Fossil-
Lagerstitten. They are often referred as “Solnhofen-type”
outcrops. They were deposited in the regressive trend of
the end of Jurassic in small lagoons. Cerin belonged to
the same palaeogeographic region [52]. These platten-
kalks preserved some terrestrial taxa with plants, insects
and tetrapods (e.g. Archaeopteryx) and a rich marine
fauna dominated by fishes and arthropods, and local
echinoderms, also including jellyfishes, brachiopods,
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annelids, and acorn worms [53]. Most of the fauna was
probably parautochthonous to allochthonous, since
traces of life such as bioturbation, are rare in these plat-
tenkalks. The plattenkalks were probably formed in a
quite shallow palaeoenvironment, ranging from 20 to
60 m in depth [54].

Methods

Objectives

We present new data on eye structures of fossil Polyche-
lida. This includes re-description of the specimen of
Palaeopolycheles longipes previously shown in Schwei-
gert & Dietl [42]. We also illustrate new specimens of
Mesozoic Polychelida from Solnhofen-type plattenkalks
(Late Jurassic; Figs. 1 and 2), La Voulte-sur-Rhone
(Middle Jurassic: Figs. 3, 4 and 5), and Gomaringen,
Osteno and Binton (Early Jurassic: Fig. 6) and compare
them to other fossil arthropods, whose living relatives
possess well-developed eyes (Figs. 7 and 8). Based on these
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observations, we discuss the evolution of eye types and
optical mechanisms within Polychelida and propose new
ideas on the visual ecology of fossil polychelidans.

Origin of specimens

In total, fourteen specimens of polychelidan lobsters with
distinct eye structures and preserved facets were examined
(Tables 1 and 2):

(1) a specimen of Coleia barrovensis M'Coy, 1849
from the Hettangian of Binton (Warwickshire,
United Kingdom) preserving eyes and ommatidia,
first observed by Woods [38] and which represents
the oldest fossil examined in this study;

(2) the holotype of Coleia viallii Pinna, 1968 from
the Sinemurian (Early Jurassic) of Osteno
(northern Italy);

(3) a specimen of Gabaleryon Audo et al. in press
from the Toarcian (Early Jurassic) of Gomaringen

-

Fig. 1 Late Jurassic Polychelida with preserved compound eye structures. a-d Palaeopolycheles longipes, SMNS 63724. e-g. Knebelia totoroi,
SMNS 67916. h-k. Rosenfeldia oppeli, SMNS 66004. a. Presumed compound eye with partially preserved cornea. b. Detail of the cornea with
square facets. ¢. Same detail as in B; note regular alignment of square facets, see asterisks (*) indicating eight facets surrounding a central one.
d. Overview image of entire specimen. e-g. Details of square corneal facets, note asterisk (¥) marking some facets in G. h. Presumed compound eye
with in part preserved cornea. i-j. Detail of corneal facets with apparently hexagonal profile, note asterisks (¥) marking some facets in J, each facet is
surrounded by six neighbored ones. k. Overview of entire specimen. a-b, d, h-i are red-cyan stereo images. Please use red-cyan stereo glasses to view
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Fig. 2 Late Jurassic Polychelida with preserved compound eyes, continued. a. Specimen of Palaeonpentacheles roettenbacheri (SMNS 67903).
b. Close-up on right eye. c. Close-up on facetted region. d. Same details as C, note asterisks (*) revealing each square facet being surrounded
by eight neighbored facets. All images are fluorescence composite images

§ 0.1 mm

1 mm

(southwestern Germany). This specimen is too
poorly preserved to be identified to the species level,
however, it is the first in which ommatidia are
preserved [55];

(4-10) seven specimens from the Callovian
(Middle Jurassic) La Voulte-sur-Rhone Lagerstitte
(France), among which four specimens of
Proeryon giganteus [39], two specimens of
Hellerocaris falloti [39], and one specimen of
Willemoesiocaris ovalis [39];

(11-14) four specimens from the Late Jurassic
Solnhofen-type plattenkalks including one specimen
of Palaeopolycheles longipes and the holotype
of Knebelia totoroi Audo et al., 2014b, in which
preservation of ommatidia was previously reported
by Audo et al. [56], the latter two from Nusplingen
(Late Kimmeridgian), a specimen of Rosenfeldia
oppeli (Woodward, 1866) from Sappenfeld near
Eichstatt (Early Tithonian), and a small specimen of
Palaeopentacheles roettenbacheri (Minster, 1839)
from Eichstitt (Early Tithonian) (hence being the
youngest occurrences).

All of the above specimens are flattened to a variable
degree, including those from La Voulte which retained
most of their original volume. To assess the quality of
preservation, we compared our sampling of polychelidan
fossils with three specimens belonging to different
arthropod taxa, such as the isopod Palaega nusplingensis
Polz, Schweigert & Maisch, 2006 from the Nusplingen

Plattenkalk (Germany) or two insects from the Early
Cretaceous Santana Formation (Brazil).

For comparison purposes, we also documented 30
additional specimens on which eyes are preserved, but the
outline of each ommatidium is not visible (see Table 3).
We additionally documented eyes of one isopod and in-
sects that display preservation modes similar to those of
fossil polychelidans.

Documentation

Small specimens were documented utilizing composite
auto-fluorescence imaging [57-59], macro-fluorescence
[58, 60] under polarized light (analyzed; [9, 10, 61-63])
by a single-lens reflex camera or a flatbed scanner.
Composite images were processed in CombineZM/ZP,
Zerene stacker, Microsoft Image Composite Editor or
Photoshop CS3. For some specimens detailed close-ups
were documented with SEM (Jeol Neoscope 2 JCM
6000). Details of (isopod and insects) comparative ma-
terial was documented on a Leica stereomicroscope or
Zeiss Axioskop 1 equipped with a Skopetek DCM 510
digital camera producing image stacks. Based on these
image stacks, virtual surface reconstructions were calcu-
lated and presented as red-blue stereo anaglyphs accord-
ing to the method recently described by Haug et al. [64].

Calculation of eye parameters
Three values were measured on the high-resolution images:
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Fig. 3 Middle Jurassic (Callovian) Polychelida (Proeryon giganteus) from La Voulte-sur-Rhéne (France) displaying preserved eye structures. a-d.
Specimen UJF-ID.11547. e-h. Specimen UPMC-248. a, e. Presumed eye structures. b-c, f-g. Details of square facets, note that each square facet
is surrounded by eight adjacent facets, see asterisks (*) in ¢ (same image as b) and g (same image as e). d, h. Overview of entire specimens

1. Eye diameter d; due to the often incomplete in Table 2. For these specimens, mean value of

preservation and possible deformation of the eye, we
assumed a roughly circular diameter. We measured
the highest distance possible (axis) between two
opposing margins for each eyes. In the case of a
more oval-shaped outline an average of the two axes
was used. In the case of incompletely preserved eyes,
the greatest measurable length on the eye was used
(Tables 1 and 3).

. Either 2a) the edge length of a square-shaped facet

a or 2b) the diameter of a hexagonal facet a, which
equals 2x the edge length (Tables 1, 2 and 3). Since
ommatidia edge length is variable across eye surface,
we measured the edge length of as many adjacent
ommatidia as possible and divided this value by the
number of ommatidia. Measurements were made
along different axes of the eye and at different places;
for all specimens but three (Table 2), variations were
below the precision of our measurement or ommatidia
were of similar sizes across the preserved portion of
eye. The three specimens, in which variations in
ommatidia edge length were detected, are detailed

ommatidia edge length was compared with other
specimens. We note that the preservation of om-
matidia varies. Some ommatidia appear convex,
others concave or surrounded by walls. These
variations, which may be linked to different
preservation, may affect slightly the measurements
of ommatidia. This probable bias is unfortunately
unavoidable when dealing with fossil material, but
considering the excellent preservation of measured
ommatidia, this bias is probably limited.

3. The carapace total length, measured from the most
anterior to the most posterior point of the carapace,
parallel to the longitudinal axis (Table 3).

The exact curvature of the eye surface cannot be
measured, as all fossils showed a more or less strong
(although sometimes only a slight) compaction. To be
as cautious as possible, we considered both possible
extreme shapes of an eye which may be either flat or
display a hemispherical outline. The original morpho-
logy most likely ranged somewhere between these
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k. Overview of entire specimen
.

Fig. 4 Middle Jurassic (Callovian) Polychelida (Proeryon giganteus) from La Voulte-sur-Rhone (France) with preserved eye structures. a-g. Specimen
UJF-ID.14020. h-k. Specimen FSL 170603. a, h. Presumed remains of compound eyes. b-e, i-j. Details of square facets; note that each square facet
is surrounded by eight neighbor facets, see asterisks (*) in e (same image as d) and j (same image as i). f, g. Overview of part and counterpart.

two extremes. In consequence, all further calculations
have to be considered estimations, and to refer only to
the visible part of the preserved eye, which is the eye
most likely formed more than a half sphere, i.e. almost
a full sphere; however we have no information on
parts below the visible preserved parts.

We then calculated how many ommatidia (n) are
present along the longest line across the surface by div-
iding diameter (assuming a flat eye) or half circumfer-
ence (md/2 assuming a hemispherical eye) divided by
(a). Based on this, the average opening angle for each
ommatidium was calculated as 180° divided by n (for
half sphere; opening angle for flat eyes is 0). The sur-
face of the eye was calculated as nd?/4 (flat) or 1d?/2
(hemispherical). This value was divided by the surface
of a single ommatidium (a% for square-shaped; ((3V3)/
2)(a/2)?, for hexagonal) to get the total number of om-
matidia per visible surface of the eye.

Statistics

To study the possible impact of palaeoenvironments and
phylogenetic on eyes parameters, we performed a series
of statistical analysis using R (http://www.R-project.org).
Measured values were first tested for normality (Shapiro
test) for whole samples (eye size, ommatidia) and in sub-
set defined by categories (familial assignment, outcrops);
not all subsets were normally distributed, for this reason,
non-parametric tests (considered more robust for not
normally distributed samples) were used for analysis of
the whole sample and a parametric test two compare
normally distributed subsets (Coleiidae and Eryonidae
ratios—see below; parametric tests are considered more
valid when applied to normally distributed samples). We
compared the diameter of eyes to the carapace length to
search possible link between the two variables (Spear-
man correlation). Subsequent test were based on the ra-
tio “eye diameter” on “carapace length” and the possible
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Fig. 5 Middle Jurassic (Callovian) Polychelida from La Voulte-sur-Rhéne (France) with preserved compound eye structures, continued: Hellerocaris
falloti a-g and Willemoesicaris ovalis h-k. a-c. Specimen MNHN.F.A50709, SEM images (Philippe Loubry). d-g. Specimen FSL 710108. h-k. Specimen
MNHN.F.A29521. a, d, h. Overview of compound eye structure. b, e-f, i-j. Details of square facets, note that each square facet is surrounded by
eight neighbor facets, see asterisks (*) in f (same image as e) and j (part of i).c, g, k. Overview of entire specimens

influence of palaeoenvironments (outcrops) and phylo-
geny (familial assignment) (Kruskal-Wallis tests). Ratios
of “eye diameter” to “carapace length” were compared
between Eryonidae and Coleiidae, since number of spec-
imens for other families is not sufficient for statistical
analysis. Size of ommatidia was also compared to the
diameter of the eyes. We used the square root of omma-
tidia surface to normalize the size of ommatidia and
compare its variation to that of the diameter of the eye
(spearman correlation).

Phylogenetic context

Our evolutionary scenario is based on the phylogenies of
Scholtz & Richter [31] and Ahyong [43]. Familial assign-
ments follow Audo et al. [24], and Ahyong [43], except
in the case of Rosenfeldia oppeli, which due to its un-
usual appearance is not considered as an eryonid.

Results

Eyes and ommatidia

All specimens examined possess anterior pairs of ball-
or disk-shaped structures that strongly resemble stalked
compound eyes of extant decapod taxa. On 14 speci-
mens, these protuberances display either squared or hex-
agonal sculpturations. On the remaining specimens, the
preservation is not as fine, and these fine sculpturations
are not visible. The nature of sculpturations is slightly
obscured by compression in flattened specimens. How-
ever, objects with fragmentary volume preservation, as
for instance in specimens from La Voulte, can be confi-
dently interpreted as fossilized compound eyes. Due to
the specific preservation of these eyes, some being partly
flattened, incomplete and/or not visible in their entirety,
detailed descriptions are difficult. Ommatidia do usually
not cover the entire surface. Therefore, the descriptions
are used as a basis for simple geometric assumptions



Audo et al. Zoological Letters (2016) 2:13

Page 9 of 20

entire specimens

10 mm

Fig. 6 Early Jurassic Polychelida with preserved compound eye structures. a-d. Gabaleryon sp. specimen SMNS 67631 from the Toarcian of
Gomaringen. e-h. Coleia viallii, holotype MSNM i3368 from the Sinemurian of Osteno. i-j. Coleia barrovensis, specimen NHMUK.6589 (photo ©
NHMUK) from the Hettangian of Binton. a, e, i. Overview of presumed compound eye structures. b-c, f-g. Details of square facets, note that each
square facet is surrounded by eight neighbor facets, see asterisks (*) in ¢ (same image as b) and g (same image as f). d, h, j. Overview of

and generalizations about the entire eye. Measurements
and estimations of the properties of these eye structures
are summarized in Table 1, see also Table 2.

We find quite a variety of ommatidia sizes from 35—
90 pm, their inferred number also varies considerably;
depending on high or low estimation there are about
700-17.000 to 1500—34.000 ommatidia per eye.

Differences in eye sizes

Comparison between the diameter of the eye and cara-
pace length shows that both values are linearly linked
(Spearmann rho = 0.80; P-value < 10~%: Fig. 9). This sug-
gests, as expected, that larger specimens have larger
eyes.

Difference in the proportion of the eyes (diameter of
the eye = Eye ), relatively to the carapace length (CL)
cannot be explained by variations in palaeoenviron-
ments based on our data (Kruskal-Wallis x> = 6.95; P =

0.43). However, phylogenetic variations may help to ex-
plain differences in eyes proportion (Kruskal-Wallis x*
=11.61; P<0.05). More precisely, representation of the
distribution of values for different families (Fig. 10)
shows that: Coleiidae have in proportion larger eyes
than Eryonidae and that fossil species more closely re-
lated to the modern species of Polychelidae than to fos-
sil species attributed to other families;

— Palaeopentachelidae have in proportion larger eyes
than all other taxa (Note that this family is currently
composed of a single species: Palaeopentacheles
roettenbacheri);

— Eryonidae, stem-Polychelidae and Rosenfeldia oppeli
have eyes of similar proportions.

We compared statistically Eryonidae to Coleiidae
(sample-size for other subgroups — here families — is
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facets. a, ¢ and e are red-cyan stereo-images (use red-cyan stereo glasses)

Fig. 7 Comparison with eye-bearing arthropods other than Polychelida: 1. Isopoda. a, b. Overview of specimen of Palaega nusplingensis from
the Nusplingen Plattenkalk, SMNS 65512. Note that the specimen is mainly seen from the inside. c¢. Close-up of head. d. Close-up on a small
part of the compound eye seen on the outside. e. Close-up on left side of the head, from a more oblique angle than in c. f. Close-up of hexagonal

insufficient). Eryonidae eyes are significantly smaller
than those of Coleiidae (Welch test: Df = 30.8; P < 0.01).

Ommatidial size

Comparison between the square root of ommatidial
surface and diameter of the eye shows that both values
are linearly linked (Spearmann rho=0.87; P<10™*
Fig. 11). This implies that large eyes include larger om-
matidia. Ommatidia of La Voulte species (Fig. 11) are
generally slightly larger than other, unfortunately, our
sample-size doesn’t allow for detailed comparisons be-
tween families or outcrops, so these differences cannot
be distinguished from random variations. The small
sample size and, as indicated above, variations in the
preservation of ommatidia may also have obscured the
palaeoenvironmental signal.

Discussion

Optical mechanisms of crustacean eyes and interpretation
of fossil polychelidan eyes

Generally, arthropod compound eyes have been classi-
fied to function according to two common optical prin-
ciples: the ancestral apposition type and superposition
type which most likely evolved several times in parallel.
In apposition eyes, every separate element of the com-
pound eye (ommatidium) acts as independent optical
unit. In the different types of superposition the cornea of
each ommatidium may spread light onto photoreceptor
cells of adjacent ommatidia, thus forming a superim-
posed image. Apposition eyes are optimized for maximal
optical resolution whereas superposition optics increase
absolute sensitivity of the eyes [65]. In modern crusta-
ceans, and specifically in decapods, a high diversity of
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"

1 mm

hexagonal facets. (a, b, ¢: use red-cyan stereo glasses)

Fig. 8 Comparison with eye-bearing arthropods other than Polychelida: 2. Hexapoda, Pterygota from the Santana Formation, Brazil. a-d.
Specimen of an undetermined heteropteran species with hexagonal facets. e-g. Specimen of an undetermined notonectid species with

.2 mm

different superposition eye types is found in adults:
refracting, reflecting, and parabolic superposition optics
[65-70]. Although being quite diverse in adults, larval
decapod compound eyes are exclusively of the appos-
ition type [65, 71-74]. The evolutionary transitions of
these optical types within Decapoda in general and in
Reptantia in particular have been addressed by Gaten
[69] and Richter [70]. Gaten [69] did not discuss Poly-
chelida. Richter [70] considered the poylchelid stem spe-
cies to be blind based on representatives of extant
polychelids only. According to our analysis of fossil rep-
resentatives with preserved eye structures, the view pro-
posed by Richter [70] needs to be revisited.

Interpretation of structures: square ommatidia

We found spherical or subspherical protuberances cov-
ered by a distinctive sculpturation of squares or hexa-
gons at the anterior end of the cephalothorax of various
Mesozoic polychelids that we interpret as fossilized com-
pound eyes. This interpretation is based on the position,
shape and specific surface of these structures in com-
parison to the compound eyes of extant euarthropods.
In all examined species (except Rosenfeldia oppeli), com-
pound eyes with square facets are present. This morph-
ology is suggestive of reflective superposition [65], an
optical mechanism in which the light received by a given
ommatidium is reflected through a “mirror box” onto



Table 1 Measurements and estimations of eyes proprieties in studied samples of polychelidan with preserved ommatidia

d- Eye a: Om-matidia Ommatidia ~ Approximation of ~ n: Longest row Opening angle of  se: Surface  so: surface of one  Number of
diameter  size (um) shape eye geometry used of ommatidia ~ommatidia of eye ommatidium (um?) ommatidia
(um) (degree) (um?)
Formula applied Measured Flat d nul, by d\2 Quadrate: @’ se
- a definition e (5) , 0
Age Species | Specimen | Hemispheric % % 2 X (%)2 Hexagonal: ;ﬁ X <g>
Late Rosenfeldia oppeli  SMNS 66004 3,400 53 Hexagonal  Flat 64 0.00 9,079,203 1,824 4976
Jurassic Hemispheric 101 179 18,158,406 9,953
Palaeopentacheles  SMNS 67903 1,100 35 Quadratic Flat 31 0.00 950,332 1,225 776
roettenbacheri Hemispheric 49 365 1,000,664 1552
Palaeopolycheles SMNS 63724 4,200 50 Quadratic Flat 84 0 13,854,424 2,500 5,542
longipes Hemispheric 132 136 27,708847 11,084
Knebelia totoroi SMNS 67916 7,200 67.5 Quadratic Flat 107 0 40,715041 4,556 8,936
Hemispheric 168 1.07 81,430,082 17,872
Middle Proeryon FSL 170603 9,100 90 Quadratic  Flat 101 0 65,038,822 8,100 8,029
Jurassic giganteus Hemispheric 159 113 130,077,644 16,059
UJF-ID 11547 11,000 88 Quadratic Flat 125 0 95,033,178 7,744 12,272
Hemispheric 196 092 190,066,356 24,544
UJF-ID 14020* 11,600 788 Quadratic  Flat 147 0 105,683,177 6,209 17,020
Hemispheric 231 0.78 211,366,354 34,040
UPMC-248 NA 77 Quadratic Flat NA NA NA 5929 NA
Hemispheric NA NA NA NA
Hellerocaris falloti ~ FSL 710108 1,900 62 Quadratic Flat 31 0 2,835,287 3,844 738
Hemispheric 48 3.74 5,670,575 1,475
MNHN.F.A50709* 850 24.25 Quadratic Flat 35 0 567,450 588 965
Hemispheric 55 3.27 1,134,900 1,930
Willemoesiocaris MNHN.F.A29521* 7,000 68.83 Quadratic Flat 102 0 38,484,510 4,738 8,122
ovall Hemispheric 160 113 76,969,020 16,245
Early Gabaleryon sp. SMNS 67631 1,850 55 Quadratic Flat 34 0 2,688,025 3,025 889
Jurassic Hemispheric 53 341 5,376,050 1,777
Coleia viallii MSNM.i3368 5600 82 Quadratic Flat 68 0 24,630,086 6,724 3,663
Hemispheric 107 1.68 49,260,173 7,326
Coleia barrovensis  NHMUK 6589 4100 66 Quadratic Flat 62 0 13,202,543 4,356 3,031
Hemispheric 98 1.84 26,405,086 6,062

The size of square ommatidial facets corresponds to the measure of their side length; that of hexagonal ommatidial facets corresponds to the distance between to opposite summits of the hexagon, which is in turn
equal to two times the side length. The asterisks after specimens registry numbers indicate that given values are based on multiple ommatidia length measurements, in these cases average values are given. Measured
values for these specimens are indicated in Table 2. Distances in um, surfaces in um?

€1:7(9107) 42127 |p2160j007 *|D 15 OpNY

0z Jo 7| obed
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Table 2 Measurements and position of ommatidia in specimens having ommatidia of different sizes

Ommatidia size

Specimen Lower Position on eye Intermediate Position on eye Higher Position on eye Mean value
UJF-ID 14020 68 dorsal 76 anterior 924 anterior 78.80
MNHN.F.A29521 61 lateral 70 posterior 755 posterior 68.83
MNHN.F.A50709 215 anterior 27 lateral, dorsal NA NA 24.25

Indication is made of the position of measured ommatidia on the surface of the eye. Measurements in um

the light-guiding structures of neighbouring ommatidia
as well. Indeed, the square shape of the ommatidial
prism allows two reflections of light to enter the omma-
tidia against prism walls, and giving rise to an erected
image, which allows superposition without changes in
the refractive index. Extant representatives of the Pali-
nuridea (also assigned to reptantian decapods) do also
possess square facets and reflexive superposition, e.g.
representatives of the genera Jasus [75] and Panulirus
[76]. An alternative for this interpretation, although un-
likely exists: indeed, some xanthid crabs (e.g. Trapezia
spp.) also possess square ommatidial facets, but their
eyes are of the parabolic superposition type [65, 67]. Be-
cause neither the longitudinal profile of the crystalline
cone nor its refractive gradients are preserved during
fossilization, we cannot entirely exclude the possibility
that early polychelidans had parabolic superposition
eyes, in analogy to these examples.

The finding of reflective superposition eyes in different
representatives of Polychelida closes the gap of know-
ledge in the early evolution of reptantian decapods [70].
Adult reflecting superposition eyes appear to have been
retained from the ground pattern of Decapoda along the
entire early evolutionary lineage of Polychelida. Reduced
compound eyes are so far known only known in one
subgroup: Polychelidae. Therefore, blindness, as found
in extant Polychelidae, becomes even more evidently a
result of secondary evolution.

Eye preservation

The described specimens here mark the oldest direct
evidence of superposition eyes within euarthropods. The
presence of reflective superposition eyes is remarkable
from the aspect of preservation of eye structures.

In many cases in which compound eyes are fossilized,
the ommatidia are either recognizable as 1) dome-
shaped swellings on the surface or 2) cavities. In these
two cases, apparently inner structures of the ommatid-
ium play a major role in the preservation. In the former
case, the swelling may represent an original structural
aspect. If we compare it to, for example, SEM images of
many extant arthropod compound eyes, we see that
similar dome-shaped swellings mark the ommatidia. Al-
ternatively, the ommatidium can be partly collapsed
(due to taphonomic processes) but become stabilized by

inner structures of the ommatidium. If preserved as a
cavity, the outer “walls” of the ommatidium must pre-
serve its stability.

In specimens presented here, such a type of preservation
appears to be found in isopods and the insect specimens
(Figs. 7 and 8). Among the polychelidan specimens, the
single specimen of Palaeopentacheles roettenbacheri may
possess this type of preservation. Some of the more
roughly preserved eyes of some of the polychelidans
(Figs. 3a-d; 6a-d) may represent taphonomically collapsed
ommatidia. In some specimens from La Voulte, the cornea
was probably broken during preparation of the fossil;
hence it is likely that what we have observed here is the
inner part of the inner lumen of the ommatidia.

In most of the other specimens, the preservation ap-
pears to be different and we most likely see the fossilized
cornea. In extant decapod crustaceans (e.g. Astacida,
Caridea, Galatheoidea, some Brachyura), the square-
shaped cornea does reflect the square cross-shape of
the crystalline cone in the ommatidia [69, 75, 77-79]).
Occasionally, as for instance in some dendrobranchiate
crustaceans (prawns), corneal facets may vary consider-
ably in shape, ranging diffusely between square, penta-
gonal and hexagonal facets, especially to the margins
of the eye [80]. This is caused by simple geometrical
constraints on a curved surface. The structural variabil-
ity of the surface is continued further proximally in the
ommatidium, hence the crystalline cones display vari-
able cross-profiles. Despite their structural variability,
compound eyes of Dendrobranchiata have been interpreted
as representing reflective superposition eyes [69, 70]. Strong
variations also occur in compound eyes with hexagonal
facets, such as the refractive superposition eyes of some
mysidacean crustaceans (compare with Richter [80]). This
indicates that even the frequent correlation of square facets
and reflective superposition may be obscured, at least in
some malacostracan taxa.

Hexagonal ommatidia of Rosenfeldia oppeli

In Rosenfeldia oppeli, with its hexagonal facets, it is even
more difficult to judge from external characters alone
which optical type this eye represents. Hexagonal facets
occur in different types of eyes with different optical
mechanisms. Indeed, eyes with hexagonal facets are
known to occur [65, 67, 81]:
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Table 3 Measurements of carapace length, eye diameter and ommatidia surface for all studied specimens of polychelidans

Species Specimen CL: Carapace d: Eye d/CL ommatidia ~ Outcrop Putative Family
Length (um) diameter (um) surface palaeodepth
Coleia barrovensis NHMUK16589 28000 4100 0.15 4356 Binton shallow Coleiidae
Gabaleryon sp. SMNS 67631 18300 1850 0.10 3025 Gomaringen intermediate  Coleiidae
Coleia viallii MSNM 3368 37000 5600 0.15 6724 Osteno deep Coleiidae
Cycleryon elongatus ~ SNSB-BSPG AS | 39700 4700 0.12 NA Southern shallow Eryonidae
939 Germany
plattenkalks
Cycleryon elongatus ~ SNSB-BSPG AS VI 39800 4100 0.10 NA Southern shallow Eryonidae
43 Germany
plattenkalks
Cycleryon orbiculatus ~ SMNS 62574 19600 3150 0.16 NA Southern shallow Eryonidae
Germany
plattenkalks
Cycleryon orbiculatus ~ SMCU F11408 32500 3900 0.12 NA Southern shallow Eryonidae
Germany
plattenkalks
Cycleryon orbiculatus ~ SNSB-BSPG AS 15800 2200 0.14 NA Southern shallow Eryonidae
VIl 762 Germany
plattenkalks
Cycleryon propinquus ~ SMNS 62000 4800 0.08 NA Southern shallow Eryonidae
(no reg. Number) Germany
plattenkalks
Cycleryon propinquus ~ MNHN.F.B13436 59000 8300 0.14 NA Southern shallow Eryonidae
Germany
plattenkalks
Cycleryon propinquus ~ SNSB-BSPG 1922 85000 8500 0.10 NA Southern shallow Eryonidae
I35 Germany
plattenkalks
Cycleryon propinquus ~ SNSB-BSPG AS VI 57000 3000 005 NA Southern shallow Eryonidae
42 Germany
plattenkalks
Cycleryon propinquus ~ SNSB-BSPG 49000 6500 0.13 NA Southern shallow Eryonidae
(no reg. Number) Germany
plattenkalks
Cycleryon propinquus  JME-SOS 6827 55500 5200 009 NA Southern shallow Eryonidae
Germany
plattenkalks
Cycleryon propinquus ~ SNSB-BSPG AS VI 73000 5400 007 NA Southern shallow Eryonidae
(female) 40 Germany
plattenkalks
Cycleryon romani FSL 170522 112000 4000 004 NA La-Voulte-  deep Eryonidae
sur-Rhéne
Hellerocaris falloti MNHN.F.A50709 6500 850 0.13 588 La-Voulte-  deep aff. Polychelidae
sur-Rhéne
Hellerocaris falloti FSL 710108 24500 1900 008 3844 La-Voulte-  deep aff. Polychelidae
sur-Rhéne
Hellerocaris falloti FSL 170598 25800 2350 009 NA La-Voulte-  deep aff. Polychelidae
sur-Rhéne
Knebelia bilobata JME-SOS 6864 40000 4600 0.12 NA Southern shallow Eryonidae
Germany
plattenkalks
Knebelia bilobata NHMUKIn 28964 54000 4300 0.08 NA Southern shallow Eryonidae
Germany
plattenkalks
Knebelia bilobata SMNS 70044 43500 4000 009 NA Southern shallow Eryonidae
Germany

plattenkalks
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Table 3 Measurements of carapace length, eye diameter and ommatidia surface for all studied specimens of polychelidans

(Continued)

Knebelia totoroi

Palaeopentacheles
roettenbacheri

Palaeopentacheles
roettenbacheri

Palaeopentacheles
roettenbacheri

Palaeopentacheles
roettenbacheri

Palaeopolycheles
longipes

Palaeopolycheles
longipes

Palaeopolycheles
longipes

Proeryon giganteus

Proeryon giganteus

Proeryon giganteus

Proeryon hartmanni

Proeryon hartmanni

Rosenfeldia oppeli

Soleryon amicalis

Tethyseryon
campanicus

Tethyseryon
campanicus

Tethyseryon
campanicus

Willemoesiocaris
ovalis

Willemoesiocaris
ovalis

SMNS 67916

SMNS 67903

BSPG AS 1 989

BSPG AS | 992

SNSB-BSPG
(no reg. Number)

SMNS 63744

SMNS 63833

SMNS 70203

UJF-ID 11547

UJF-ID 14020

FSL 170603

BSPG 1942 1 20
SMNS 64019
SMNS 66004

MHNL 20271902

CSMNF 22000a

CSMNF 22000c

CSMNF 22000 g

MNHN F A29521

FSL 170602

68500

4200

30000

26700

9250

29500

22000

22000

71000

79000

85000

60000
89000
38000

72500

21500

8200

10000

45000

32000

7200

1100

4900

3400

900

4100

3000

3300

11000

11600

9100

6100
7700
3400

2500

2400

1100

1200

7000

5800

0.11

0.26

0.16

0.13

0.10

0.14

0.14

0.15

0.15

0.15

0.1

0.10
0.09
0.09

0.03

0.11

0.13

0.12

0.16

0.18

4556

1225

NA

NA

NA

NA

NA

NA

NA
NA
1824

NA

NA

NA

NA

4738

NA

Southern
Germany
plattenkalks

Southern
Germany
plattenkalks

Southern
Germany
plattenkalks

Southern
Germany
plattenkalks

Southern
Germany
plattenkalks

Southern
Germany
plattenkalks

Southern
Germany
plattenkalks

Southern
Germany
plattenkalks

La-Voulte-
sur-Rhéne

La-Voulte-
sur-Rhéne

La-Voulte-
sur-Rhéne

Holzmaden
Holzmaden

Southern
Germany
plattenkalks

Cerin

Monte
Fallano

Monte
Fallano

Monte
Fallano

La-Voulte-
sur-Rhéne

La-Voulte-
sur-Rhéne

shallow

shallow

shallow

shallow

shallow

shallow

shallow

shallow

deep

deep

deep

intermediate
intermediate

shallow

shallow

shallow

shallow

shallow

deep

deep

Eryonidae

Palaeopentachelidae

Palaeopentachelidae

Palaeopentachelidae

Palaeopentachelidae

Coleiidae

Coleiidae

Coleiidae

Coleiidae

Coleiidae

Coleiidae

Coleiidae
Coleiidae

unknown

Eryonidae

Coleiidae

Coleiidae

Coleiidae

Coleiidae

Coleiidae

Distances in um, surfaces in um?

1. In apposition eyes, including larval apposition eyes,
which may eventually be replaced by superposition

eyes later in development in some decapod taxa;
2. In refractive superposition eyes;
3. In parabolic superposition eyes.

Our careful examination of the specimen of Rosenfel-
dia oppeli only allowed the description of the external
aspect. Therefore, it is not possible to distinguish with
confidence to which optical type R. oppeli hexagonal
ommatidia correspond. However, it is possible to provide
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Fig. 9 Scatterplot of the diameter of the eye and the length of
carapace with regression line
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Fig. 11 Scatterplot of the square root of ommatidial surface and
the diameter of the eye: blue triangles, specimens from La Voulte
(probably deep); red triangles, specimens from plattenkalks
(probably shallow); circles, specimens from other outcrops

some background on the probability of each of these
possibilities:

1. Apposition optics in adult compound eyes are
part of the ground pattern of Malacostraca [70].
Thus, their occurrence is not unexpected in any
malacostracan crustacean. However, within
Eumalacostraca, refractive or reflective superposition
eyes independently evolved several times [70] and
therefore cannot be excluded here for R. oppeli

Dtye
L
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0.15 4

I
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Col Ery Pal Pol Ros
Fig. 10 Boxplot comparing the ratio of the eye diameter on the
carapace length (CL) in five different groups of fossil polychelidans:
Col = Coleiidae, Ery = Eryonidae, Pal = Palaeopentacheles (only species of

Palaeopentachelidae), Pol = fossil species closely related to Polychelidae,
Ros = Rosenfeldia oppeli. *, Welch test, P-value < 0,01. Abbreviations

(see next points). The multiple evolution of different
types of superposition in adult crustaceans is linked
to alterations of ommatidia adjusted to perform
apposition as larvae. However, Nilsson et al. [82]
showed that for instance the transformation of
apposition into refracting superposition does not
require drastic changes of the ommatidial set-up,
neither on the cellular nor on the subcellular level.
Therefore, the optic apparatus of decapods is
likewise prone to convergent modifications of
inherited structures, even though these incidents,
such as the evolution of refracting superposition,
apparently happened less often than theoretically
possible [70]. Alternatively, the specimen could
represent a larva with apposition eyes because
this type is found in all extant malacostracan
larvae [65, 71-74]. However, the specimen of

R. oppeli studied here seems too large (carapace
length = 38 mm) to be a larva. Therefore, the
occurrence of apposition eyes in this specimen
would be best explained by paedomorphosis.

2. Refractive superposition eyes are frequent within
Malacostraca [70]. Although the ground pattern
of Decapoda is characterized by reflective
superposition eyes, several ingroups, such as
representatives of the shrimp genus Gennadas
possess well-functioning refracting superposition
eyes with hexagonal facets. The compound eyes
of R. oppeli may thus represent this type of eye.
However, among decapod crustaceans, reflecting
superposition, as characterized by square facets
and mirror boxes [65, 83, 84], are frequently



Audo et al. Zoological Letters (2016) 2:13

encountered. Depending on the phylogenetic
concept applied, reflecting superposition optics
either evolved in the stem lineage of or very early
within Decapoda [70]. Variations of superposition
optics, namely the occurrence of refracting super-
position in a context of species with reflecting
superposition eyes, are not very common in a
given decapod taxon but they do occur occasion-
ally. Examples are representatives of the shrimp
genus Gennadas which possess well-functioning
refracting superposition eyes with hexagonal
facets, but their closest ancestors had reflecting
superposition eyes [68, 85].

3. Parabolic superposition eyes occur in a few groups
of decapod crustaceans, such as Xanthidae and
Portunidae (e.g. Macropipus depurator) [65, 67, 85].
However, if present, their distribution among
decapod crustaceans would most likely imply a
convergent evolution of such eyes for polychelidan
lobsters.

By comparison with the eyes described for other poly-
chelidan lobsters described in the present study, it seems
more plausible that the eyes of R. oppeli correspond ei-
ther to apposition eyes derived from the transparent
subtype and retained though paedomorphosis or they
represent refractive superposition eyes. The occurrence
of possibly paedomorphic apposition eyes or refractive
superposition eyes of Rosenfeldia oppeli is most likely an
autapomorphy of this species.

Visual palaeoecology

Eyes of crustaceans possess a wide array of adaptations to
different environments and light intensities: the size of
ommatidia can vary; superposition eyes allow sensitivity to
light while apposition eyes have a higher resolution; in all
cases, pigments can modulate the light entering the om-
matidia or isolate ommatidia one from another in super-
position eyes; reflective layers (proximal tapetum) can also
enhance sensitivity by reflecting the light in the eye so it
passes twice through the retina [85, 86].

From the fossil perspective, most of the adaptations of
eyes are hidden in external view and possibly not pre-
served in fossil for which only the superficial lenses are
available (for instance, in exuviae). However, the shape
and size of ommatidia lenses are readily observable.

In the case of R oppeli, if we consider its hexagonal
facets to be indicative of apposition eyes, we can draw
some conclusions regarding its life-habits: indeed, ap-
position eyes are by far less sensitive to light than super-
position eyes, because the light illuminating the cornea
can only come from one facet, and is correlated to its
surface. However, these eyes have a higher resolution
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than that of superposition eyes, because each ommatid-
ium is independent.

In the case of the other species described here, interpret-
ation of their life-habits from their eyes is more complex.
All of them possess reflecting superposition eyes and dif-
ferences between those eyes can only apprehended from
our perspective through the size of ommatidia and the size
of the eye. Our observations show that the size of eyes is
correlated to the size of the carapace (and thus to that of
the animal). Differences in visual performance between
bright-light-adapted and dim-light-adapted species could
be expected to be observed from the proportion of the eye
compared to the carapace. However, our analysis did not
reveal any significant differences in this ratio between the
various groups. Significant differences are however ob-
served between different taxa of polychelidan lobsters.

Multiple factors may explain this apparent lack of
correlation:

— Our sample of preserved ommatidia is too small,
or variations in the preservation, add noise to a
possible palaeobathymetric signal.

— Differences in palaeobathymetry of the various
outcrops we sampled may not be sufficient to
observe differences in the size of eyes.

— Other mechanisms are probably involved (such as
the presence of pigments reducing light input in
shallow water species and tapetum reflecting the
light through the retina in deep-water species).

— Most extant shallow-water crustaceans tend to
hide during the day and search for food at night;
for this reason, they may need ommatidia as
large as deep water species.

Conclusions

o Reflective superposition eyes can be preserved in
fossil arthropods.

e Modern representatives of Polychelida are blind;
Jurassic representatives still possessed functional
eyes, most of them reflective superposition eyes
retained from the ground pattern of Decapoda.

e The examples presented here mark the oldest
direct evidence for reflective superposition eyes
and of clear superposition eyes in general.

o The eye of R oppeli could be an apposition eye
that evolved through paedomorphic heterochrony.
R. oppeli might have lived in shallower water than
its relatives. Alternatively, it could correspond to a
refractive or even a parabolic superposition eye.

e Eyes proportions appear linked to phylogeny.

We hope that with the reinvestigation of other fossils
we may complete these observations and obtain a clearer
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picture of how variations in eye design and size is dis-
tributed across taxa of polychelidans and if a variation
between outcrops can be observed.

Abbreviations

CSMNF, Centro Musei delle Scienze Naturali e Fisiche of the Universita degli
Studi di Napoli “Federico II” (Napoli, Italy); FSL, Université Claude Bernard
Lyon 1 (Villeurbanne, France); JME-SOS, Jura-Museum Eichstatt (Eichstatt,
Germany); MNHN.F, Muséum national d'Histoire naturelle, collection de
Paléontologie (Paris, France); MSNM, Museo Civico di Storia Naturale di
Milano (Milano, Italy); NHMUK, Natural History Museum (London, United
Kingdom); SMCU, Sedgwick Museum — Cambridge University (Cambridge,
United Kingdom); SMNS, Staatliches Museum fir Naturkunde (Stuttgart,
Germany); SNSB-BSPG, Bayerische Staatssammlung fir Paldontologie und
Geologie (Munich, Germany); UJF-ID, Université Joseph Fourier, Institut
Dolomieu (Grenoble, France); UPMC, Université Pierre et Marie Curie — Paris 6
(Paris, France)

Acknowledgements

We are indebted to the curators Sergio Bravi (CSMNF, Napoli, Italy), Abel
Prieur, Emmanuel Robert (FSL, Villeurbannes, France), Martina Kolbl-Ebert
(JME, Eichstétt, Germany), Jean-Michel Pacaud (MNHN, Paris, France), Alessandro
Garassino (MSNM, Milano, ltaly), Claire Mellish (NHMUK, London, United-
Kingdom), Matt Riley (SMCU, Cambridge, United-Kingdom), Martin Nose
(SNSB-BSPG, Munich, Germany), Jean-Bernard Caron, Peter Fenton and
Janet Waddington (ROM, Toronto, Canada), Fabienne Giraud-Guillot (UJF-ID,
Grenoble, France), Isabelle Rouget (UPMC, Paris, France) for their work in
the collections, without which this study would not have been possible.
We also acknowledge the contribution of Philippe Loubry, who realized
the SEM micrograph and Denis Poinsot (Université Rennes 1) who
offered insightful advices on statistical analysis. JTH is currently kindly
funded by the German Research Foundation (DFG; Ha 6300/3-1). CH is
supported by a Bavarian Equal Opportunities Sponsorship at the LMU
Munich. CH and JTH are kindly supported by J. Matthias Starck, Munich.
We especially thank all private fossil collectors for their long-lasting
support and all people involved in providing open source, open access
or low cost software. We are glad to acknowledge the precious help of two
anonymous referees: their detailed review significantly improved this article.

Funding

JTH is currently kindly funded by the German Research Foundation (DFG; Ha
6300/3-1). CH is supported by a Bavarian Equal Opportunities Sponsorship at
the LMU Munich. CH and JTH are kindly supported by J. Matthias Starck,
Munich. These funds allowed the documentation of German specimens and
supported writing part of this article.

Availability of data and material

All data necessary to reproduce the results presented herein are presented
in Tables 1, 2 and 3.

All specimens used in this study are available in public collections and their
collection numbers, when available are provided in Tables 1, 2, and 3.

Authors’ contributions

JTH and CH initiated the study, implemented the calculation of eyes parameter,
provided data and imaged specimens from Germany. DA provided data for
and imaged specimens from France, United-Kingdom and Italy and realized the
statistical analyses. CHGM and SH provided background and interpretation of
eye types evolution and their significance; GS and SC provided access and
photographs of specimens housed respectively in Stuttgart and Paris as
well as significant improvements to the manuscript. All authors read and
approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Author details

"Université de Rennes 1, EA 7316, 263 Avenue du Général Leclerc CS 74205,
35042 Rennes Cedex, France. “Centre de Recherche sur la Paléobiodiversité
et les Paléoenvironnements (CR2P, UMR 7207), Muséum national d'Histoire
naturelle, Sorbonne Universités, UPMC, CNRS, 8 rue Buffon, F-75005 Paris,
France. *Department Biologie Il und GeoBio-Center,
Ludwig-Maximilians-Universitat Minchen, Biozentrum der LMU,

Page 18 of 20

GroRhaderner Str. 2, 82152 Planegg-Martinsried, Germany. “Staatliches
Museum fir Naturkunde Stuttgart, Rosenstein 1, 70191 Stuttgart, Germany.
>Zoologisches Institut und Museum, Lehrstuhl Allgemeine und Systematische
Zoologie, Ernst-Moritz-Arndt-Universitat Greifswald, Anklamer Str. 20, 17487
Greifswald, Germany. ®Zoologisches Institut und Museum, Lehrstuhl
Cytologie und Evolutionsbiologie, Ernst-Moritz-Arndt-Universitat Greifswald,
Soldmannstr. 23, 17489 Greifswald, Germany.

Received: 7 March 2016 Accepted: 7 July 2016
Published online: 16 July 2016

References

1. Clarkson E, Levi-Setti R, Horvath G. The eyes of trilobites: The oldest
preserved visual system. Arthropod Struct Dev. 2006;35:247-59. doi:10.1016/
j.asd.2006.08.0022.

2. Clarkson ENK. The visual system of trilobites. Palaeontology. 1978;22:1-22.

3. Tanaka G, Smith RJ, Siveter DJ, Parker AR. Three dimensionally preserved
decapod larval compound eyes from the Cretaceous Santana Formation of
Brazil. Zoological Sciences. 2009,26:846-50. doi:10.2108/z5).26.846.

4. Paterson JR, Garcia-Bellido DC, Lee MSY, Brock GA, Jago JB, Edgecombe GD.
Acute vision in the giant Cambrian predator Anomalocaris and the origin of
compound eyes. Nature. 2011;480:237-40. doi:10.1038/nature10689.

5. Schoenemann B, Castellani C, Clarkson ENK, Haug JT, Maas A, Haug C,
Waloszek D. The sophisticated visual system of a tiny Cambrian crustacean:
analysis of a stalked fossil compound eye. Proceedings of the Royal Society,
London B. 2012;279:1335-40. doi:10.1098/rspb.2011.1888.

6. Vannier J, Schoenemann B, Gillot T, Charbonnier S, Clarkson E. Exceptional
preservation of eye structure in arthropod visual predators from the Middle
Jurassic. Nat Commun. 2016;7:10320. doi:10.1038/ncomms10320.

7. Chen J, Waloszek D, Maas A. A new ‘great-appendage’ arthropod from the
Lower Cambrian of China and homology of chelicerate chelicerae and
raptorial antero-ventral appendages. Lethaia. 2004;37:3-20. doi:10.1080/
00241160410004764.

8. Vannier J, Garcia-Bellido DC, Hu S-X, Chen AL. Arthropod visual predators in
the early pelagic ecosystem: evidence from the Burgess Shale and Chengjiang
biotas. Proc R Soc B Biol Sci. 2009,276:2567-74. doi:10.1098/rspb.2009.0361.

9. Haug JT, Waloszek D, Maas A, Liu Y, Haug C. Functional morphology,
ontogeny and evolution of mantis shrimp-like predators in the Cambrian.
Palaeontology. 2012,55:369-99. doi:10.1111/}.1475-4983.2011.01124.x.

10. Haug JT, Briggs DEG, Haug C. Morphology and function in the Cambrian
Burgess Shale megacheiran arthropod Leanchoilia superlata and the
application of a descriptive matrix. BMC Evolutionary Biology. 2012;doi:10.
1186/1471-2148-12-162

11. Tanaka G, Hou X, Ma X, Edgecombe GD, Strausfeld NJ. Chelicerate neural
ground pattern in a Cambrian great appendage arthropod. Nature. 2013;
502:364-7. doi:10.1038/nature12520.

12. Daley AC, Budd GE, Caron JB, Edgecombe GD, Collins D. The Burgess Shale
Anomalocaridid Hurdia and Its Significance for Early Euarthropod Evolution.
Science. 2009;323:1597-600. doi:10.1126/science.1169514.

13. Kuhl G, Briggs DEG, Rust J. A Great-Appendage Arthropod with a Radial
Mouth from the Lower Devonian Hunsrick Slate, Germany. Science. 2009;
323:771-73. doi:10.1126/science.1166586.

14. Schoenemann B, Clarkson ENK. The eyes of Leanchoilia. Lethaia. 2012/45:
524-31. doi:10.1111/1.1502-3931.2012.00313 x.

15. Liu'Y, Hou X, Bergstrém J. Chengjiang arthropod Leanchoilia illecebrosa
(Hou, 1987) reconsidered. GFF. 2007;129:263-72. doi:10.1080/
11035890701293263.

16. Ma X, Hou X, Edgecombe GD, Strausfeld NJ. Complex brain and optic lobes in an
early Cambrian arthropod. Nature. 2012;490:258-62. doi:10.1038/nature11495.

17. Schoenemann B. The eyes of a tiny ‘Orsten’ crustacean — A compound eye
at receptor level? Vision Res. 2013;76:89-93. doi:10.1016/j.visres.2012.10.013.

18. Maas A, Braum A, Dong X-P, Donoghue PCJ, Miller KJ, Olempska E, Repetski
JE, Siveter DJ, Stein M, Waloszek D. The ‘Orsten'—More than a Cambrian
Konservat-Lagerstétte yielding exceptional preservation. Palaeoworld. 2006;
15:266-82. doi:10.1016/j.palwor.2006.10.005.

19. Weitschat W. Myodocopid ostracodes with preserved appendages from the
Lower Triassic of Spitsbergen. Paldontol Z. 1983;57:309-23. doi:10.1007/
BF02990320.

20. Frohlich F, Mayrat A, Riou B, Secrétan S. Structures rétiniennes
phosphatisées dans I'ceil géant de Dollocaris, un crustacé fossile. Annales de
Paléontologie. 1992,78:193-204.


http://dx.doi.org/10.1016/j.asd.2006.08.0022
http://dx.doi.org/10.1016/j.asd.2006.08.0022
http://dx.doi.org/10.2108/zsj.26.846
http://dx.doi.org/10.1038/nature10689
http://dx.doi.org/10.1098/rspb.2011.1888
http://dx.doi.org/10.1038/ncomms10320
http://dx.doi.org/10.1080/00241160410004764
http://dx.doi.org/10.1080/00241160410004764
http://dx.doi.org/10.1098/rspb.2009.0361
http://dx.doi.org/10.1111/j.1475-4983.2011.01124.x
http://dx.doi.org/10.1186/1471%E2%80%932148%E2%80%9312%E2%80%93162
http://dx.doi.org/10.1186/1471%E2%80%932148%E2%80%9312%E2%80%93162
http://dx.doi.org/10.1038/nature12520
http://dx.doi.org/10.1126/science.1169514
http://dx.doi.org/10.1126/science.1166586
http://dx.doi.org/10.1111/j.1502-3931.2012.00313.x
http://dx.doi.org/10.1080/11035890701293263
http://dx.doi.org/10.1080/11035890701293263
http://dx.doi.org/10.1038/nature11495
http://dx.doi.org/10.1016/j.visres.2012.10.013
http://dx.doi.org/10.1016/j.palwor.2006.10.005
http://dx.doi.org/10.1007/BF02990320
http://dx.doi.org/10.1007/BF02990320

Audo et al. Zoological Letters (2016) 2:13

21,

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Vannier J, Chen J-Y, Huang D-Y, Charbonnier S, Wang X-Q. The Early Cambrian
origin of thylacocephalan arthropods. Acta Palaeontol Pol. 2006;51:201-14.
Charbonnier S. Le Lagerstétte de La Voulte : un environnement bathyal au

Jurassique. Mémoires du Muséum national d'Histoire naturelle. 2009;199:272.

Charbonnier S, Vannier J, Hantzpergue P, Gaillard C. Ecological significance
of the arthropod fauna from the Jurassic (Callovian) La Voulte Lagerstatte.
Acta Palaeontol Pol. 2010;55:111-32. doi:10.4202/app.2009.0036.

Audo D, Schweigert G, Saint Martin JP, Charbonnier S. High biodiversity in
Polychelida crustaceans from the Jurassic La Voulte-sur-Rhéne Lagerstatte.
Geodiversitas. 2014;36:489-525.

Charbonnier S, Garassino A, Schweigert G, Simpson M. A worldwide review of
fossil and extant glypheid and litogastrid lobsters (Crustacea, Decapoda,
Glypheoidea). Mémoires du Muséum national d'Histoire naturelle. 2013,205:304.
Haug JT, Waloszek D, Haug C, Maas A. High-level phylogenetic analysis using
developmental sequences: The Cambrian tMartinssonia elongata, tMusacaris
gerdgeyeri gen. et sp. nov. and their position in early crustacean evolution.
Arthropod Struct Dev. 2010;39:154-73. doi:10.1016/}.asd.2010.01.005.

Haug JT, Maas A, Waloszek D. Ontogeny of two Cambrian stem crustaceans,
tGoticaris longispinosa and tCambropachycope clarksoni. Palaeontographica.
2009;A289:1-43.

Audo D, Charbonnier S. Late Cretaceous crest-bearing shrimps from the
Sahel Alma Lagerstatte of Lebanon. Acta Palaeontol Pol. 2013;58:335-49.
doi:10.4202/app.2011.0056.

Feldmann RM. A new cirolanid isopod (Crustacea) from the Cretaceous of
Lebanon: dermoliths document the pre-molt condition. J Crustac Biol. 2009;
29:373-8. doi:10.1651/08-3096.1.

Feldmann RM, Charbonnier S. lbacus cottreaui Roger, 1946, reassigned to

the isopod genus Cirolana (Cymothoida: Cirolanidae). J Crustac Biol. 2011;31:

317-9. doi:10.1651/10-3406.1.

Scholtz G, Richter S. Phylogenetic systematics of the reptantian Decapoda
(Crustacea, Malacostraca). Zool J Linn Soc. 1995;113:289-328. doi:10.1111/j.
1096-3642.1995.tb00936.x.

Galil BS. Crustacea Decapoda: Review of the genera and species of the
family Polychelidae Wood-Mason, 1874. In: Crosnier A, editor. Résultats des
Campagnes MUSORSTOM, Volume 21. Mémoires du Muséum national
d'Histoire naturelle, 2000.184. Paris: Publications scientifiques du Muséum;
2000. p. 285-387.

Bernard F. Decapoda Eryonidae (Eryoneicus et Willemoesia). Dana-Report.
1953;37:1-93.

Santucci R. Biologia del fondo a"Scampi” nel Mar Ligure. I. Polycheles
typhlops Heller. R. Comitato talassografico italiano 1933;199:1-48

Karasawa H, Takahashi F, Doi E, Ishida H. First notice of the family Coleiidae
Van Straelen (Crustacea: Decapoda: Eryonoidea) from the upper Triassic of
Japan. Paleontological Research. 2003;7:357-62.

Bronn HG. Beitrage zur triasischen Fauna und Flora der bitumindsen
Schiefer von Raibl. Neues Jahrbuch fir Mineralogie, Geognosie, Geologie
und Petrefakten-Kunde. 1858;1858:1-32.

Oppel A. Ueber jurassische Crustaceen (Decapoda macrura).
Palaeontologische Mittheilungen aus dem Museum des koeniglich
Bayerischen Staates. 1862;1:1-120.

Woods H. A monograph of the fossil macrurous Crustacea of England.
London: The Palaeontographical Society; 1925-1931: p. 1-122, pl. 1-27
Van Straelen V. Les crustacés décapodes du Callovien de la Voulte-sur-
Rhone (Ardeche). C R Hebd Seances Acad Sci. 1923;175:982-3.

Garassino A, Schweigert G. The Upper Jurassic Solnhofen decapod
crustacean fauna: review of the types from old descriptions (infraorders
Astacidea, Thalassinidea, and Palinura). Memorie della Societa Italiana di
Scienze Naturali e del Museo Civico di Storia Naturale di Milano. 2006;
34(1):1-64.

Spence Bate C. Report on the Crustacea Macrura collected by the
Challenger during the years 1873-1876. Reports on the Scientific Results of
the Voyage of H. M. S. “Challenger” 1888;24:i-xc, 1-942.

Schweigert G, Dietl G. Neubeschreibung von ‘Eryon longipes O. Fraas'
(Crustacea, Decapoda, Eryonidea) aus dem Nusplinger Plattenkalk (Ober-
Kimmeridgium, Schwabische Alb). Stuttgarter Beitrdge zur Naturkunde. Serie
B. 1999,274:1-19.

Ahyong ST. The Polychelidan Lobster: Phylogeny and Systematics
(Polychelida : Polychelidae). In: Martin JW, Crandall KA, Felder DL DL, editors.
Decapod Crustacean Phylogenetics. Crustacean Issues 18. Boca Raton,
London, New York: CRC Press, Taylor & Francis Group; 2009. p. 369-96.
Radley JD. Highlights of Jurassic of Warwickshire. Geol Today. 2005;21:146-52.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.
55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Page 19 of 20

Pinna G. Gli Erionidei della nuova fauna sinemuriana a crostacei decapodi di
Osteno in Lombardia. Atti della Societa italiana di Scienze naturali e del
Museo civico di Storia naturale in Milano. 1968;107:93-134.

Tang CM. Osteno: jurassic preservation to the cellular level. In: Bottjer DJ,
Etter W, Hagadorn JW, Tang CM, editors. Exceptional fossil preservation.
New York: Columbia University Press; 2002. p. 251-64.

Teruzzi G. The genus Coleia Broderip, 1835 (Crustacea, Decapoda) in the
Sinemurian of Osteno in Lombardy. Atti della Societa italiana di Scienze
naturali e del Museo civico di Storia naturale in Milano. 1990;131:85-104.
Hauff B, Hauff RB. Das Holzmadenbuch. Holzmaden: Hauff-Stiftung; 1981.
p. 1-136.

Rohl H-J, Schmil-Rohl A, Oschmann W, Frimmel A, Schwark L. The Posidonia
Shale (Lower Toarcian) of SW-Germany: an oxygen-depleted ecosystem
controlled by sea level and palaeoclimate. Palaesogeogr Palaeoclimatol
Palaeoecol. 2001;165:27-52. doi:10.1016/50031-0182(00)00152-8.

Bravi S, Garassino A, Bartiromo A, Audo D, Charbonnier S, Schweigert G,
Thévenard F, Longobardi C. Middle Jurassic Monte Fallano Plattenkalk
(Campania, southern ltaly): first report on terrestrial plants, decapod
crustaceans and fishes. Neues Jahrb Geol Palaontol Abh. 2014,272:79-107.
doi:10.1127/0077-7749/2014/0398.

Charbonnier S, Vannier J, Gaillard C, Bourseau J-P, Hantzpergue P. The La
Voulte Lagerstatte (Callovian): evidence for a deep water setting from
sponge and crinoid communities. Palaeogeogr Palaeoclimatol Palaeoecol.
2007;250:216-36. doi:10.1016/j.palae0.2007.03.013.

Audo D, Charbonnier S, Schweigert G, Saint Martin J-P. New eryonid
crustaceans from the Late Jurassic Lagerstdtten of Cerin (France), Canjuers
(France), Wattendorf (Germany) and Zandt (Germany). J Syst Palaeontol.
2014;12:459-79. doi:10.1080/14772019.2013.777809.

Frickhinger KA. Die fossilien von Solnhofen 2. Korb: Goldschneck; 1999. p. 190.
Barthel KW, Swinburne NHM, Conway Morris S. Solnhofen. A study in Mesozoic
palaeontology. Cambridge: Cambridge University Press; 1990. p. 236.

Audo D, Williams M, Charbonnier S, Schweigert G. Gabaleryon, a new genus
of widespread early Toarcian polychelidan lobsters. J Syst Palaeontol. in
press. doi: 10.1080/14772019.2016.1167786

Audo D, Schweigert G, Haug JT, Haug C, Saint Martin J-P, Charbonnier S.
Diversity and palaeoecology of the enigmatic genus Knebelia (Eucrustacea,
Decapoda, Eryonidae) from Upper Jurassic plattenkalks in southern
Germany. Palaeontology. 2014;57:397-416. doi:10.1111/pala.12071.

Haug JT, Haug C, Ehrlich M. First fossil stomatopod larva (Arthropoda:
Crustacea) and a new way of documenting Solnhofen fossils (Upper
Jurassic, Southern Germany). Palaeodiversity. 2008;1:103-9.

Haug JT, Haug C, Kutschera V, Mayer G, Maas A, Liebau S, Castellani C,
Wolfram U, Clarkson ENK, Waloszek D. Autofluorescence imaging, an
excellent tool for comparative morphology. J Microsc. 2011;244:259-72.
Haug C, Haug JT, Waloszek D, Maas A, Frattigiani R, Liebau S. New methods
to document fossils from lithographic limestones of southern Germany and
Lebanon. Palaeontol Electron. 2009;12(6T):12.

Haug JT, Haug C. Fossilien unter langwelligem Licht: Griin-Orange-
Fluoreszenz an makroskopischen Objekten. Archaeopteryx. 2011;29:20-3.
Schaarschmidt F. Pflanzenfossilien in ungewohnlichem Licht. Nat Mus. 1973;
103:247-53.

Bengtson S. Teasing fossils out of shales with cameras and computers.
Palaeontol Electron. 2000;3(Art. 4):14.

Kerp H, Bomfleur B. Photography of plant fossils — new techniques, old tricks.
Rev Palaeobot Palynol. 2011;166:117-51. doi:10.1016/j.revpalbo.2011.05.001.
Haug JT, Miller CHG, Sombke A. A centipede nymph in Baltic amber and a
new approach to document amber fossils. Organisms Diversity & Evolution.
2013;13:425-32. doi:10.1007/513127-013-0129-3.

Nilsson D-E. Optics and evolution in the compound eye. In: Stavenga DG,
Hardie RC, editors. Facets of vision. Berlin: Springer; 1989. p. 30-73.

Exner S. Die Physiologie der facettirten Augen von Krebsen und Insecten.
Leipzig: Franz Deuticke; 1891. p. 198-7.

Nilsson D-E. A new type of imaging optics in compound eyes. Nature, 1988;
332:76-8. doi:10.1038/332076a0.

Nilsson D-E. Three unexpected cases of refracting superposition eyes in
crustaceans. J Comp Physiol A. 1990;167:71-8. doi:10.1007/BF00192407.
Gaten E. Optics and phylogeny: is there an insight? The evolution of
superposition eyes in the Decapoda (Crustacea). Contrib Zool. 1998;67:
223-36.

Richter S. Evolution of optical design in the Malacostraca (Crustacea). P. In: Wiese
K, editor. The Crustacean Nervous System. Berlin: Springer; 2002. p. 512-24.


http://dx.doi.org/10.4202/app.2009.0036
http://dx.doi.org/10.1016/j.asd.2010.01.005
http://dx.doi.org/10.4202/app.2011.0056
http://dx.doi.org/10.1651/08-3096.1
http://dx.doi.org/10.1651/10-3406.1
http://dx.doi.org/10.1111/j.1096-3642.1995.tb00936.x
http://dx.doi.org/10.1111/j.1096-3642.1995.tb00936.x
http://dx.doi.org/10.1016/S0031-0182(00)00152-8
http://dx.doi.org/10.1127/0077-7749/2014/0398
http://dx.doi.org/10.1016/j.palaeo.2007.03.013
http://dx.doi.org/10.1080/14772019.2013.777809
http://dx.doi.org/10.1080/14772019.2016.1167786
http://dx.doi.org/10.1111/pala.12071
http://dx.doi.org/10.1016/j.revpalbo.2011.05.001
http://dx.doi.org/10.1007/s13127-013-0129-3
http://dx.doi.org/10.1038/332076a0
http://dx.doi.org/10.1007/BF00192407

Audo et al. Zoological Letters (2016) 2:13

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.
86.

Fincham AA. Ontogeny and optics of the eyes of the common prawn
Palaemon (Palaemon) serratus (Pennant, 1777). Zoological Journal of the
Linnaean Society. 1984;81:89-111. doi:10.1111/].1096-3642.1984.tb01173.x.
Fincham AA. Ontogeny of anomuran eyes. Symposia of the Zoological
Society London. 1988,59:123-55.

Nilsson D-E. Evolutionary links between apposition and superposition optics
in crustacean eyes. Nature. 1983;302:818-21. doi:10.1038/302818a0.

Harzsch S, Dawirs RR. Maturation of the compound eyes and eyestalk
ganglia during larval development of the brachyuran crustaceans Hyas
araneus L. (Decapoda, Majidae) and Carcinus maenas L. (Decapoda,
Portunidae). Zoology. 1996,99:189-204.

Meyer-Rochow VB, Tiang KM. The eye of Jasus edwardsii (Crustacea,
Decapoda, Palinuridae). Electrophysiology, histology, and behavior.
Zoologica. 1984;45:1-58.

Meyer-Rochow VB. Larval and adult eye of the Western Rock Lobster
(Panulirus longipes). Cell Tissue Res. 1975;162:439-57. doi:10.1007/
BF00209345.

Doughtie DG, Rao RK. Ultrastructure of the eyes of the grass shrimp,
Palaemonetes pugio. Cell Tissue Research. 1984;238:271-88. doi:10.1007/
BF00217299.

Gaten E. The ultrastructure of the compound eye of Munida rugosa
(Crustacea: Anomura) and pigment migration during light and dark
adaption. J Morphol. 1990,205:243-53. doi:10.1002/jmor.1052050302.
Hafner GS, Tokarski TR. Morphogenesis and pattern formation in the retina
of the crayfish Procambarus clarkii. Cell Tissue Research. 1998,293:535-50.
doi:10.1007/5004410051146.

Richter S. The structure of the ommatidia of the Malacostraca - a
phylogenetic approach. Verhandlungen des naturwissenschaftlichen Vereins
Hamburg (NF). 1999,38:161-204.

Cronin TW, Porter ML. Exceptional Variation on a Common Theme: The
Evolution of Crustacean Compound Eyes. Evolution: Education and
Outreach. 2008;1:463-75. doi:10.1007/512052-008-0085-0.

Nilsson D-E, Hallberg E, Elofsson R. The ontogenetic development of
refracting superposition eyes in crustaceans: Transformation of optical
design. Tissue Cell. 1986;18:509-19. doi:10.1016/0040-8166(86)90017-0.
Vogt K. Zur Optik des FluBkrebsauges. Z Naturforsch. 1975;32:466-8.

Vogt K. Die Spiegeloptik des Flusskrebsauges. J Comp Physiol A. 1980;135:1-
19. doi:10.1007/BF00660177.

Land MF, Nilsson DE. Animal eyes. Oxford: Oxford University Press; 2012. p. 1-271.
Meyer-Rochow VB. The crustacean eye: dark light adaptation, polarization
sensitivity, flicker fusion frequency, and photoreceptor damage. Zoolog Sci.
2001;18:1175-97. doi:10.2108/z5}.18.1175.

Page 20 of 20

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BioMed Central



http://dx.doi.org/10.1111/j.1096-3642.1984.tb01173.x
http://dx.doi.org/10.1038/302818a0
http://dx.doi.org/10.1007/BF00209345
http://dx.doi.org/10.1007/BF00209345
http://dx.doi.org/10.1007/BF00217299
http://dx.doi.org/10.1007/BF00217299
http://dx.doi.org/10.1002/jmor.1052050302
http://dx.doi.org/10.1007/s004410051146
http://dx.doi.org/10.1007/s12052-008-0085-0
http://dx.doi.org/10.1016/0040-8166(86)90017-0
http://dx.doi.org/10.1007/BF00660177
http://dx.doi.org/10.2108/zsj.18.1175

	Abstract
	Background
	Methods
	Results
	Discussion
	Conclusion

	Background
	Eyes in the fossil record
	Eyes in polychelidan lobsters
	Palaeoenvironments and associated faunas


	Methods
	Objectives
	Origin of specimens
	Documentation
	Calculation of eye parameters
	Statistics
	Phylogenetic context

	Results
	Eyes and ommatidia
	Differences in eye sizes
	Ommatidial size

	Discussion
	Optical mechanisms of crustacean eyes and interpretation of fossil polychelidan eyes
	Interpretation of structures: square ommatidia
	Eye preservation
	Hexagonal ommatidia of Rosenfeldia oppeli
	Visual palaeoecology

	Conclusions
	show [ol]
	Acknowledgements
	Funding
	Availability of data and material
	Authors’ contributions
	Competing interests
	Author details
	References

