Description and interpretation of the internal structure
of a Cambrian crustacean compound eye
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The exceptionally good preservation of phosphatised, three dimensionally preserved “Orsten” arthropods permits in-
sight into the internal morphology of ancient compound eyes. Analysis, presented here, of the stalked eyes of a Cambrian
“Orsten” crustacean reveals structures such as a cornea, a crystalline cone, rhabdomers belonging to possibly five or six
sensory cells and an absence of a gap (known as the clear-zone) between dioptric structures and the retina. All these fea-
tures collectively suggest that this compound eye is of the apposition type. Thus, the principle of mosaic vision likely
dates back to Cambrian times, more than half a billion years ago. Using well-established methods this eye can be charac-
terised as dim-light adapted and is likely to have belonged to a benthic organism like many others known from fossils of
the Cambrian Alum Shale of Sweden. This seems to be one of the oldest known apposition eyes, and the structural differ-
ences between it and eyes more closely conforming to the tetraconate system are likely to be related to the small size of
the eye and the photic environment in which it had to operate. Differences from typical compound eye organisation, such
as for instance a smaller number of retinula cells than the more typical eight found in most tetraconate arthropods, sug-
gest that either the tetraconate system is not basal and universal, as is often assumed, or that modifications to the system
enabling the eye to improve photon capture had already occurred during the Cambrian. * Key words: Tetraconata,
photoreceptor, vision, Arthropoda, Cambrian, apposition eye, photic environment.
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The oldest arthropods are known from the early Cambrian
and are about 520 million years old. One characteristic fea-
ture of extant arthropods such as crustaceans, chelicerates,
myriapods and insects is the presence of a pair of com-
pound eyes. The fossil history of such eyes remains imper-
fectly known despite the excellent recent reports by Lee et
al. (2011) and Paterson et al. (2011), who investigated the
compound eyes of specimens from the early Cambrian
Emu Bay Shale, Australia. Yet, in these as well as the
well-preserved fossils of the (likewise early Cambrian)
Chengjiang Lagerstitte (Maotianshan Shale) only some
external characteristics of the eyes are evident (Schoene-
mann 2005, 2006, 2007; Liu et al. 2007; Schoenemann &
Clarkson 2008, 2010, 2011a, b; Schoenemann et al. 2009).
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In Cambrian arthropods of the “Orsten” type, however,
which are secondarily phosphatised and three-dimen-
sionally preserved, several kinds of compound eyes have
been described (e.g. Haug et al. 2009, Castellani et al.
2012a, Parker et al. 2013).

Compound eyes are not only old in terms of time, but
possibly plesiomorphic for arthropods. Waloszek et al.
(2005) suggested that anterolateral, possibly compound
eyes were likely to be present in the stem species of the
Arthropoda s. str. (facets have not yet been found), a taxon
including euarthropods, i.e. Trilobita, Chelicerata, Crus-
tacea, Myriapoda, Hexapoda/Insecta, and a number of fos-
sil taxa currently excluded from Euarthropoda (Maas et al.
2004, Waloszek et al. 2007). This view was confirmed by
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Paterson et al. (2011). Compound eyes exhibiting the
ground pattern of the Arthropoda s. str. were most likely
stalked (Waloszek er al. 2005), a condition also present to-
day in many extant taxa (Fig. 1A, B). The sensory struc-
tures of a fossilized trilobite compound eye of Devonian
origin have recently been discovered and shown to be close
to the apposition type (Schoenemann & Clarkson 2013).
For the time being, however, the initial evolution of the
compound eye and whether the earliest of all compound
eyes were of apposition type remains obscure.

Photoreceptor types

There are two main kinds of photoreceptive organs in ani-
mals, simple eyes and compound eyes (Bitsch & Bitsch
2005; see also Richter ef al. 2010). In simple eyes a single
aperture is present, through which light is directed to a re-
tina of multiple photoreceptive cells. Eyes of this kind oc-
cur in various taxa, such as craniate Chordata, cubozoan
Cnidaria, Mollusca, polychaete Annelida, and as the so-
called median eyes of chelicerates, the nauplius eyes in
crustaceans, and as stemmata and ocelli in insects. Among
arthropods, such eyes were part of the ground pattern of
Euarthropoda, but it is unclear whether they are present
plesiomorphically or autapomorphically.

In contrast to simple eyes, compound eyes are made up
of clusters of more or less identical optical units, the om-
matidia, visible from the outside as facets. Eyes of this kind
are possibly already part of the ground pattern of the
Arthropoda s.s. (see above), and have been retained most
significantly within Crustacea, Hexapoda/Insecta, Tri-
lobita and the Scutigeromorpha and Diplopoda among the
myriapods (Campbell 1975; Clarkson 1979; Miiller et al.
2003, 2007; Clarkson et al. 2006). Also Chelicerata had ba-
sically retained compound eyes, with the extant Xiphosura
(Fahrenbach 1969) as the single Recent example. Since
each ommatidium surveys a different part of the surround-
ing environment, the resulting image has been termed “mo-
saic vision” because of the slight angular differences be-
tween adjacent ommatidia.

During the last few decades, several different types of
compound eyes have been described (see Land & Nilsson
2002 for review), which can be classified according to their
different light-guiding abilities or the way in which the vi-
sual information is signal-processed. Two major kinds of
compound eyes, structurally and functionally different
from each other, have been designated apposition and su-
perposition eyes since Exner (1891) first described them.

In the compound eye known as the apposition eye, a
distal dioptric apparatus comprising cornea and crystalline
cone cells focuses light on the rhabdom and its surrounding
photoreceptor cells, which are known as retinula cells. The
function of the crystalline cone is to guide or focus light
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entering through the corneal facet, so that it can stimulate
the photopigments in the membranes of the rhabdom and
thus trigger a cascade of biochemical events that lead to a
photoelectric response; the latter is then conducted to the
optical centres of the brain where further processing oc-
curs. In the so-called apposition eye each ommatidium is
shielded against neighbouring ommatidia by a curtain of
accessory (= secondary) pigment cells. This makes opti-
cal coupling between neighbouring receptors almost im-
possible, and consequently the visual fields of the
ommatidia are small and restricted to the light that enters
through their own facets.

In the apposition type of compound eye a cluster of of-
ten 8, but depending on the species sometimes more reti-
nula cells [up to 11 and even 21 in the beetles Lucanus
maculofemoratus (Motschulsky, 1861) and Aceraius
grandis Kuwert, 1891, respectively: Gokan et al. 1998 and
Gokan & Meyer-Rochow 2000 or 14 as in the moth Opero-
phthera brumata (Linnaeus, 1758): Meyer-Rochow & Lau
2008] and sometimes fewer [four in Leptodora kindtii
(Focke, 1844): Wolken & Gallik 1965; five in amphipods:
Debaisieux 1944, or the isopod Glyptonotus antarcticus
Eights, 1852 for instance: Meyer-Rochow 1982] gives rise
to a centrally fused rhabdom made up of the specialized
fringes of microvilli (known as rhabdomeres) of the partic-
ipating retinula cells. The photopigment molecules are
housed in the microvillar membranes of these rhabdomers.
Apposition compound eyes function by integrating infor-
mation from the fields of view of individual facets into a
mosaic-like image as if it consisted of pixels in a computer
graphic. It has recently been shown, that the compound
eyes of a tiny middle Cambrian “Orsten” crustacean were
able to develop a sophisticated visual system to serve a pre-
sumably predatory lifestyle (Schoenemann et al. 2012) and
a year earlier Paterson ef al. (2011) demonstrated that the
early Cambrian predator Anomalocaris sp. probably pos-
sessed a highly effective compound eye. The apposition
type of compound eye is primarily present in diurnally ac-
tive insect and crustacean species.

The superposition eye (also known as a clear-zone eye
because of its diagnostic pigment-free gap between
dioptric and light-perceiving structures) is characteristi-
cally developed in nocturnal species like moths (Yagi &
Koyama 1963), neuropterans and caddis-flies (Ehnbohm
1948, Nilsson 1990) as well as some carabid and
scarabaeid beetles amongst the insects and in crayfishes,
lobsters and shrimps amongst the crustaceans (Exner 1891,
Stavenga 1989, Meyer-Rochow 2001). Some exceptions
are known for both eye types: apposition eyes can also be
present in, for example, certain nocturnal Hymenoptera
(Menzi 1987; Frederiksen et al. 2008; Greiner et al. 2004,
2007), and superposition eyes have been described from
some species of day-active moths (Yagi 1951, Horridge et
al. 1972, Warrant 1999, Lau & Meyer-Rochow 2007).



Brigitte Schoenemann et al. * Internal structure of a Cambrian crustacean compound eye

Figure 1. Comparison of the eye of a Recent phyllosoma larva and the stalked “Orsten” compound eye of a representative of the stem lineage to
Eucrustacea, Henningsmoenicaris scutula (Waloszek & Miiller, 1990). « A — phyllosoma larva (second stage of development) of a rock lobster
(Malacostraca: Achelata: Palinurida) with long stalked eyes. « B — SEM of the stalked eye of a phyllosoma larva. * C — SEM of the “Orsten” fossil eye
(specimen UB W 383); arrow indicates the progression in decay and indicates the sequence of facets in Fig. 2. « D —isolated stalked eye in “Orsten”-type
preservation (UB W 384). « E — facetted surface (UB W 383). [Fig. 1A courtesy Image Quest Marine, Oxfordshire, UK]

The two typical features of the superposition eye in-
clude: (a) the lack of interommatidial hairs and (b) the pres-
ence of a clear-zone devoid of pigment interposed between
the elements of the dioptric apparatus (i.e., cornea and
cone) and the light-perceiving structures known as the
retinula cells with their rhabdomeres. Other morphological
features that distinguish the superposition type of eye from
the apposition eye concern the screening pigment cells and
pigment granule migrations during dark/light adaptation:
in the superposition eye granules of the screening pigments
migrate up and down the ommatidium, moving out of the
clear-zone during darkness (thereby aggregating between
the distal spaces of the crystalline cones and on the proxi-
mal side of the clear-zone below the rhabdoms and the
tapetum if the latter is present). In the apposition eye
screening pigments migrate radially away from the edge of
the rhabdom in the dark and close to the edge of the
rhabdom upon an exposure with bright light. This funda-
mental difference is the reason why the apposition eye pro-
duces an image of higher resolution than that of the super-
position eye. It is because, in the latter kind of eye that is
adapted to a low light intensity, incident light passing
through several neighbouring facets is “shared”, super-
positioning it and thus ensuring that as many photons as
possible reach the photoreceptors. On the other hand the

discriminatory power, or acuity, is decreased relative to the
appositional system, where each of the facets collects light
from only a single “object-image-point”.

Apposition compound eyes have been described from
the small eyes of the immature stages of decapod crusta-
cean species, in which the adults possess superposition op-
tics and in contrast to the larvae lead nocturnal life styles
and/or occur in areas with poorer light conditions than do
their immature stages.

Fossil compound eyes

Although the external features of compound eyes, i.e., the
facets, are frequently preserved in fossil specimens and al-
low valid conclusions upon their optical performance (Schoe-
nemann & Clarkson 2009, 2011, 2012a, b; Schoenemann et
al. 2010, 2012; Lee et al. 2011; Paterson et al. 2011), inter-
nal structures are almost never available from fossil com-
pound eyes older than about 45 Ma. The eye of a fly speci-
men preserved in amber from the Eocene period (Tanaka et
al. 2009) permitted an unambiguous identification of the
rhabdom organisation and demonstrated that it was not dif-
ferent from that of extant fly eyes, but amber arthropods, in
general, are rather young in geological terms and, therefore,
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likely to have eyes similar to those of modern forms. Schoe-
nemann & Clarkson (2013) investigated the compound eyes
of Devonian phacopid trilobites by x-ray and synchrotron
radiation. The authors revealed that the visual system of
these trilobites was very similar to the apposition eyes of the
xiphosuran Limulus polyphemus (Linnaeus, 1758).

Compound eyes, although adhering to the principle of
“mosaic vision”, have evolved an astonishing variety of
designs especially with regard to rhabdom shapes and sizes
even within a single taxon as Gokan & Meyer-Rochow
(2000) have shown for scarabaeoid beetles. In terms of
morphology and physiology (e.g., spectral, absolute, and
polarisation sensitivity, as well as flicker fusion frequen-
cies, shape recognition and distance vision: Land 1981,
Meyer-Rochow & Nilsson 1999, Land & Nilsson 2002,
Warrant & Nilsson 2006) different eye designs reflect the
different environmental photic conditions that they are
functioning under and the different lifestyles of their
bearers. Although single-lens eyes known as ocelli in in-
sects and as nauplius or median eyes in crustaceans, can be
present in adult individuals of some species, these eyes fos-
silize less well and are usually much smaller than the com-
pound eyes and thought to be involved in assessing envi-
ronmental brightness, but not in image formation.

Ever since the “Orsten” fossils were first discovered,
they offered new insights into Cambrian life, including the
anatomy of early arthropods (e.g., Miiller 1979a, b, 1983,
1985; Miiller & Waloszek 1985, 1987; Waloszek 1993,
Waloszek & Miiller 1990, 1998a, b; Maas et al. 2003;
Ahlberg et al. 2005; Waloszek et al. 2007; Haug et al.
2009, 2010a, b; Schoenemann et al. 2012). “Orsten” fos-
sils, originally isolated from upper Cambrian limestone
concretions collected in southern Sweden, have now been
found worldwide (Maas et al. 2006). The most common
“Orsten” fossils are arthropod remains; these are of small
size and frequently represent larval or juvenile forms. Al-
though “Orsten” fossils are commonly hollow because
only the cuticular surface is typically preserved, the inte-
rior of the fossil can sometimes be wholly or partially filled
with phosphate. Here we report upon the discovery of de-
tached eyes belonging to, most likely, the crustacean
Henningsmoenicaris scutula (Waloszek & Miiller, 1990)
(Castellani et al. 2012a, Schoenemann et al. 2012). Due to
the extraordinary conditions under which the “Orsten” fos-
sils were formed, soft tissues with miniscule yet discern-
ible structures are preserved in three dimensions. For ex-
ample, it proved possible to identify the branchiopod
crustacean Rehbachiella kinnekullensis as a filter feeder on
account of fine setae and setulae (< 1 um) present on its ap-
pendages (Waloszek 1993, 1995). The exceptional preser-
vation of the “Orsten” fossils permits a structural interpre-
tation of the morphological features of the eyes (for
preservational aspects of this fossilization mode see Maas
et al. 2006, Castellani et al. 2012b).
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Material and methods

Since their first discovery in 1975 thousands of three-
dimensionally preserved fossil remains, mainly of small
arthropods, have been found embedded in calcareous no-
dules, the so-called “Orsten” nodules, from the middle
to late Cambrian Alum Shale succession of southern
Sweden (Miiller 1979, 1985; Maas et al. 2006; see Parker
et al. 2013 for a cuticle fragment of a compound eye).
These tiny arthropods, up to slightly more than a millime-
ter in size, are interpreted as inhabitants of meiobenthic
life communities.

Among these, six isolated pieces of stalked compound
eyes were found at a single locality in a quarry near the
farm Gum, located at Mount Kinnekulle, Vistergotland,
and all have a similar morphology (see Castellani et al.
2012a for a morphological description of the isolated eyes
and a discussion of their affinity). The material is dated to
the Agnostus pisiformis Biozone (formerly representing
the lowermost Zone 1 of the upper Cambrian, and recently
reconsidered as the uppermost Zone of Cambrian Series 3;
cf. Peng et al. 2004, Ahlberg 2003, Terfelt et al. 2008).
Amongst the set of six isolated stalked eyes, two of them
seem to represent later ontogenetic stages — based on the
larger size and higher number of facets — than the other
four. Among this sample, the two larger forms are mace-
like, with a long stalk continuing into the compound eye,
which is characterized by a highly differentiated visual sur-
face (Fig. 1C-E). The homogenous array of large facets is
best preserved in an ontogenetically earlier form exhibiting
less morphological differentiation than facets belonging to
eyes, which are more advanced and show considerable re-
gional differences across the eye. The specimens display
transient variations in surface structure from the anterior to
the posterior, probably the result of spreading decay, possi-
bly caused by microbes although the exact process that
could have caused the decay remains obscure (Figs 2, 3).

The specimens were dissolved from concretions by
processing with acetic acid (as described by Miiller 1985).
The material was prepared in the early 1980s, mounted on
SEM stubs and photographed in Bonn at the Palaeon-
tological Institute, today the Steinmann Institute for Geol-
ogy, Mineralogy and Palaeontology of the University of
Bonn by the workgroup of the late Professor Klaus J.
Miiller. Specimens were re-photographed in standardised
views by CC using scanning electron microscopy (SEM) at
the Central Unit for Electron Microscopy at the University
of Ulm, Germany, and detailed views were worked out by
BS and CC in January 2010 in Ulm. Although the stalked
eyes were not attached to any arthropod body, it is likely
that they belong to the crustacean Henningsmoenicaris
scutula, since the latter occurs in the same samples and
is the only crustacean with stalked eyes in this community.
The specimens, on which the main results reported in
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Figure 2. Facets of the stalked eye of Henningsmoenicaris scutula (Waloszek & Miiller, 1990). Facets in different areas of the stalked eye UB W 384,
differently expressed by the progress of decay, following the grey line in Fig. 1C. ¢ A — overview over the frontal area showing the hexagonal pattern.
* B — smooth surface, like the original visual surface. « C — facetted surface, with smooth surface of each facet. ¢ D — facetted surface with a slight central
dome (~16 pm in diameter), surrounded by a wider ring (width of the ring ~7 pm it inner diameter ~24 um). * E — five-fold structure of the ommatidium,
the position of the boundaries between the individual cells is indicated by white lines.

this paper are based, form part of the collection of the
Steinmann Institute of Geology, Mineralogy and Palaeon-
tology, University of Bonn (but are currently housed at the
University of Ulm); repository numbers UB W 383,
UB W 384.

Analysis of the eyes

On the visual surface four areas can be distinguished, in
which the structures appear in different states of preserva-
tion (cf. Fig. 2A-E). These are gradual, with a continuous
transition between the end members:

A. A smooth surface where the outlines and borders of
facets are not clearly visible (Fig. 2B);

B. A smooth facet surface, but with the facet borders
visible (Fig. 2A, C);

C. An area with regularly arranged, slightly
dome-shaped facets, approximately 18 um high in the cen-
tre, separated from neighbouring facets by a space ca 6 um

wide (Fig. 2D). The diameter of a whole entire facet, gaps
between facets not included, is ca 28 pm.

D. Facets with a central dome surrounded by possibly
five polygonal (three- to five-sided) structures (Fig. 2E).

This sequence, if accepted, becomes readily under-
standable and can be interpreted as a result of gradual de-
cay of the soft internal structures of the eye, which pro-
ceeded from distal to proximal, i.e., surface to inner layers
(Fig. 3). Assuming that this interpretation is correct, the
smooth surface (Fig. 2A) shows the original (non-decayed)
visual surface, as can be observed in modern crustaceans,
e.g., the phyllosoma larva of a rock lobster (Fig. 1A, B), the
adult branchiopod Artemia salina Linnaeus, 1758
(Elofsson 1976, Hallberg et al. 1980), and the amphipod
Dulichia porrecta (Bate, 1857) (Meyer-Rochow et al.
1991). Even the stalks of extant species bearing compound
eyes resemble those of the fossil eyes (Fig. 1B, D).

The first stages of decay are likely to have caused shrink-
age, which allowed impressions of the underlying structures
on the thin corneal surface. Stages A and B (see above;
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Fig. 2A, B) most likely represent the original or slightly de-
cayed visual surface, respectively, but no underlying struc-
tures are discernible. In stage C (Fig. 2D), the integrity of the
corneal cover has changed: a smooth and slightly elevated
dome has developed in the centre, which may represent the
tip of the underlying crystalline cone seen through the col-
lapsed corneal cover. By comparison with isopod and am-
phipod eyes (see Fig. 3), the apparent ring that appears to
surround the cone in the “Orsten” fossil (Fig. 2D) may con-
sist of two corneagenous cells, two smaller crystalline cone
cells and the distal extensions of a variable number of acces-
sory pigment cells peripheral to the cone. In Malacostraca
between two and six such cells, depending on the species,
can be assigned to each ommatidium. Details of these cells
and borders between them cannot be discerned through the
overlying corneal cuticle of the fossil eye.

The crystalline cone of the fossil eye, in contrast to that
of insects and most decapod crustaceans, appears globular,
rather than conical and resembles that of the benthic Ant-
arctic isopods and amphipods (Meyer-Rochow 1981,
1982). If this structure, consisting of primarily just two
large cells, had burst during the process of decay, the ve-
lum of the crystalline cone would be flattened and changed
into a circular sheet, leaving no visible traces under the thin
cuticle. Instead, a more differentiated pattern has resulted,
consisting of possibly five polygons (three- to five-sided)
(Fig. 2E), arranged around a central cupola. Again, with
reference to the structure of the marine isopods and amphi-
pods mentioned earlier (cf. Fig. 3), the shapes of the
retinula cells create a sculptured surface through their im-
pressions on the overlying corneal sheets. Consequently,
the central dome might be interpreted as a relict of the orig-
inal light-guiding rhabdom.

Under the corneal cover, the outlines of probably
no more than five narrowly separated cells are visible
(Figs 2E, 3C, 4A). These are interpreted as retinula cells,
because they correspond in position and number to the eyes
of amphipod malacostracans, such as species of Orcho-
mene Boeck, 1871 and Dulichia Kroyer, 1845 (Meyer-
Rochow et al. 1991) or isopod species, such as of the taxa
Glyptonotus Eights, 1852 or Saduria Adams, 1852
(Meyer-Rochow 1982, Lindstrom et al. 1991), or the
anostracan branchiopod Arfemia salina (Hallberg et al.
1980) (Figs 4D, 5, 6).

Discussion

Similarities to other compound eyes

The presence of an eyestalk, and a compound eye exhibi-
ting hexagonally-shaped facets in the “Orsten” fossil eye

presented herein are interpreted as being plesiomorphic
features retained from, at least, the ground pattern of the
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Euarthropoda, possibly even down to Arthropoda s.s. The
similarity of the cell outlines to cell arrangements of our
fossil material with that of Recent compound eyes is strik-
ing, especially when considering the eyes of some isopods
and amphipods, for which excellent morphological analy-
ses exist (e.g., Meyer-Rochow & Tiang 1979; Mayrat
1981; Meyer-Rochow 1982, 1985; Chamberlain efr al.
1986; Hariyama et al. 1986; Rosenberg & Langer 1995;
Keskinen er al. 2002). Also the facet diameter of ca 28 um
in our “Orsten” fossil is rather close to that of the pelagic
phyllosoma larva of the rock lobster Jasus edwardsii (Hut-
ton, 1875), which is 24 ym.

Whether abrasion or a proximally advancing decay,
caused by micro-organisms, was responsible for exposing
ommatidial structures normally covered and hidden by the
cornea cannot be decided, but in contrast to the compound
eyes of terrestrial arthropods, typical aquatic compound
eyes usually do not possess a cuticular lens and the cornea
is usually membranous. The “Orsten” eye has a smooth
surface at stage A (Fig. 2B), which is comparable to that of
many extant forms of crustacean compound eyes and indi-
cates the original nature of the surface. Features shown best
in Fig. 2B suggest that the covering corneal cuticle has
been rather thin and membranous, as is the case of most
aquatic arthropods even today (Thiele 1971).

Because of the small difference in refractive indices be-
tween seawater and organic material, the corneal cuticle of
aquatic arthropods represents a far less powerful refracting
quality than that of compound eyes of terrestrial arthro-
pods, some of which have very effective corneal lenses
(Meggitt & Meyer-Rochow 1975). The function of focus-
ing the incident light on the receptor, or at least “channel-
ling” it to the interior of the ommatidium, in aquatic com-
pound eyes is usually achieved by the crystalline cone.

The retinal organisation

Stalked eyes with smooth outer surfaces are very common
among decapod crustaceans and their pelagic larvae. Yet,
irrespective of this feature the internal structure below the
cornea may belong to either an apposition or superposition
type of eye (Land 1984). An interesting case is that of lar-
val rock lobsters (Achelata, Decapoda, Malacostraca). The
eye of such phyllosoma larvae, occupying the distal end of
a long eye stalk, has an appearance and shape that closely
resembles that of the fossilised eyes described in this paper
(cf. fig. 1A, B, D in Mishra et al. 2006). It has an apposition
eye (Mishra er al. 2006), but these changes into a reflecting
superposition eye with square facets when the larva aban-
dons its planktonic lifestyle and moves to the sea bottom
(Meyer-Rochow 1975; see Haug & Haug 2013 for a recent
overview of fossil achelatan larvae and the ontogeny of
achelatan species).
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Figure 3. Comparison of the internal structures of facets of the stalked eye of the Recent marine isopod Ligia exotica Roux, 1828 and
Henningsmoenicaris scutula (Waloszek & Miiller, 1990). ¢ A — schematic drawing of the inner ommatidial structure of Ligia exotica (after Hariyama et
al. 1986). * B — schematic drawing of the amphipod Orchomene plebs (Hurley, 1965) (after Meyer-Rochow & Tiang 1979), similar to the “Orsten” crusta-
cean ommatidium (C). Abbreviations: ¢ — cuticule; cor ¢ — corneagenous cells; cc — crystalline cone; ¢ — retinula cells; rha — rhabdom.

Figure 4. Comparison of reti-
nular structures. ® A — Hennings-
moenicaris scutula (Waloszek &
Miiller, 1990) with 5 retinula
cells. * B — Dulichia (amphipod)
with 5 retinula cells. » C — Ligia
exotica Roux, 1828 (isopod) with
6 retinula cells. * D — phyllosoma
larva of a rock lobster (Deca-
poda) with 7 retinula cells.

The number of retinula cells per ommatidium is not af-
fected by the change to the more specialised superposition
type, but rhabdom outlines are (Meyer-Rochow 1975,
Mishra et al. 2006). Additional cases have been described in
which apposition eyes ontogenetically precede those with
superposition optics (Meyer-Rochow 1975, Fincham 1984,
Nilsson et al. 1986, Mishra et al. 2006), but they are all re-
stricted to decapod crustaceans. Peracarida like isopods and
amphipods never possess superposition eyes, but exhibit a
variety of apposition eye adaptations matching lifestyle and
photic environment. Since the number of the retinula cells
per ommatidium does not change with age, this character
can be considered to be more reliable than whether an eye
corresponds to apposition or superposition type.

One further aspect to be considered relates to the ques-
tion of whether ommatidial rhabdoms were fused and
formed a centrally placed column-like structure sur-
rounded by their retinula cells or whether neighbouring
rhabdomeres were not connected and, thus, gave rise to an
open rhabdom. Our fossil eye’s similarity to that of the
eyes of amphipods and isopods suggests that it was fused, a
situation that is, generally speaking, vastly more common

in crustaceans than an open system, which in crustaceans is
known so far only from the highly regressed eye of the cave
shrimp (atyid decapod) Typhlatya garciai (Meyer-Rochow
& Juberthie-Jupeau 1983) and the eye of the semi-terres-
trial isopod Ligia exotica (Hariyama et al. 1986). Charac-
teristic for insects of the order Diptera, the open rhabdom
condition has been shown to be advantageous in the detec-
tion of movement (Srinivasan & Guy 1990), a need that for
aquatic arthropods is much less acute.

Regarding the “Orsten” material we have to discuss
two seemingly discordant findings: the presence of an
eyestalk and an apposition eye with apparently only 5 or 6
retinula cells. The small number of receptor cells seems to
be genuine and maintained throughout the length of the
ommatidium. Tiered retinas, common in insects (e.g., Thy-
sanura: Paulus 1979; dragonflies: Ninomiya et al. 1969;
crickets: Wachmann 1970; and Plecoptera: Nagashima &
Meyer-Rochow 1995 and also described from the eye of
the chilopod Scutigera coleoptrata by Miiller et al. 2003)
are virtually unknown in crustaceans. Although in some
species a distal rhabdom may be developed by one cell
alone [e.g., in the crabs of the taxon Grapsus Lamarck,
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1801: Eguchi & Waterman 1973 and in the rock lobster
Panulirus longipes (A. Milne Edwards, 1868): Meyer-
Rochow 1975], retinula cells are usually present from the
most distal to the most proximal reaches of the retina. The
same holds true for isopods and amphipods, in which 4-5,
rarely 6, retinula cells are present throughout the retinal ex-
tent. Thus, a tiered arrangement of retinula cells with sev-
eral distal ones above several proximal ones can almost
certainly be ruled out in our “Orsten” fossil.

The ancestral pattern

The presence of four crystalline cone cells, eight retinula
cells, and a variable number of accessory pigment cells
(Fig. 4A-D) was thought to be the ancestral pattern for the
taxon Tetraconata (i.e., Crustacea + Hexapoda: Dohle
1998, Richter 2002, Richter et al. 2010). Since Miiller et al.
(2003,2007) and Harzsch et al. (2007) were able to find the
same pattern in myriapods it has frequently been referred to
as the “ground pattern” of the so-called mandibulate (com-
bination of Crustacea, Insecta, Myriapoda) Euarthropoda.
Since Oakley (2003) showed that cell numbers exhibit
wide variations amongst the various arthropod ommatidia,
it is, therefore, uncertain whether four cone cells and eight
retinula cells can indeed be considered the ground pattern
condition at least for mandibulate Euarthropoda. However,
the observations made by Oakley (2003) could also be ex-
plained as autapomorphic changes from a common “tetra-
conate” situation. Among Branchiopoda the Anostraca
have crystalline cones formed by four cone cells, but they
have five, or maximally six, retinula cells (Elofsson & Od-
selius 1975). In amphipods five retinula cells are the rule
and in isopods five, six or more have been reported, but
their cones consist of only two large cells (Nemanic 1975,
Meyer-Rochow 1982, Ax 1999). The highly specialised
predatory cladoceran Leptodora kindtii has cones made up
of 5 cells and ommatidial clusters of only 4 retinula cells
(Wolken & Gallik 1965).

As mentioned above, Recent isopods and amphipods
possess sessile eyes, but motile stalked eyes — as in
lophogastrids, mysids or mictaceans — are regarded as the
ancestral and sessile eyes (and absence of eyes) as derived
condition (Brusca & Wilson 1991). Morover, Mysida, un-
like Isopoda and Amphipoda, have stalked eyes that pos-
sess a clear-zone when the animals are adult (Hallberg
1977, Gaten et al. 2002). Larvae of crustaceans in which
the adults feature a distinct clear-zone often lack this struc-
ture and resemble apposition eyes (Panulirus longipes:
Meyer-Rochow 1975; Palaemon serratus: Fincham 1984;
Neomysis integer and Thysanoessa raschii: Nilsson et al.
1986; Jasus edwardsii: Mishra et al. 2006). The “Orsten”
material could therefore have belonged to an immature in-
dividual not yet endowed with an obvious clear-zone.
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One other possible explanation for the absence of a
clear-zone is that because of its fragile nature and lack of
stabilizing anatomical elements in it, the clear-zone could
simply have collapsed before fossilisation. That clear-
zones can indeed collapse was shown by Nilsson (1990) for
three species of extant deep sea crustaceans, but it has
never been demonstrated in fossil material.

Photic environment and sensitivity

There exist effective mechanisms to enhance the sensiti-
vity of very small compound eyes by adapting the functio-
nal morphology of the rhabdomers, as has been described
by Paulus (1979) and Fischer et al. (2011, 2012). Irrespec-
tive of whether or not eight cells represent the plesiomor-
phic condition early in the Cambrian the probably smaller
number of receptor cells seen in our material and in the ge-
nerally more benthic rather than pelagic recent isopods and
amphipods requires an explanation. If eight sensory cells
contribute to the formation of the rhabdom, under lower
light conditions the amount of available photons to each
one of them may not be high enough to generate a conduc-
tible electrical signal, but with only 5 retinula cells (i.e.,
20% of the light entering the rhabdom versus 12.5% in
rhabdoms composed by 8 cells) the share of photons each
one receives is increased and may be sufficient to generate
a conductible response. This calculation is based on the
fact that aquatic isopods and amphipods (but not necessa-
rily their semi-terrestrial relatives) appear to have but one
spectral sensitivity peak (Donner 1971, Meyer-Rochow &
Laughlin 1997); thus making it unlikely that spectrally dif-
ferent cells contribute to the bulk of the rhabdom.

The original number of sensory cells per ommatidium
may have evolutionarily been reduced in combination
with an enlargement of the rhabdom diameter as demon-
strated by Hallberg et al. (1980) for the deep-sea amphi-
pods Eurythenes gryllus (40 um) and Orchomenopsis
obtusa (20-40 um) or by Meyer-Rochow (1981) for the
benthic Orchomene sp. cf. O. rossi (approx. 40-50 pm).
The lifestyle of an animal and the photic environment it
occurs in are frequently mirrored by the kind of eye the
animal has. Constantly low ambient light conditions ne-
cessitate wider apertures through which light can enter
the eye — and correlates with larger rhabdoms. The more
pixels the image consists of, the higher the resolution, but
unfortunately smaller facet “windows” permit less light to
enter and excite the photosensitive membranes further be-
low and, therefore, lead to reduced visual sensitivity.
However, resolution means nothing if the eye is not suffi-
ciently sensitive to light. Thus, to perceive intensity dif-
ferences of light has to be given priority. Therefore, five
retinula cells could possibly be a functional adaptation to
low light conditions.
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Figure 5. Details of the Recent branchiopod Artemia salina (Linnaeus, 1758) and the amphipod Dyopedos porrectus Bate, 1857. ¢ A —head of A. salina.
* B —lefteye of A. salina, showing singular visual units and a smooth surface of the eye. C —histological cross section of an ommatidium of. D. porrectus.
Five sensory cells and a cetrally fused rhabdom can be seen.

Since the late 1970s, excellent tools for estimating the
light sensitivity of compound eyes based on their outer
morphology alone have been established. These tools also
allow assignment of such eyes to specific ecological habi-
tats and to reconstruct associated light conditions to which
they were adapted (Snyder 1977, 1979; Snyder et al. 1977,
Horridge 1977; Land 1981). This is made possible by mea-
suring the diameters of the lenses and the opening angle of
the facet (or the angle of divergence of the ommatidia).
These measurements are also possible on fossils with well
preserved compound eyes, and have been used as a stan-
dard method since 1989 by a variety of researchers
(Fordyce & Cronin 1989; McCormick & Fortey 1998; Lee
etal.2011; Paterson et al. 2011; Schoenemann & Clarkson
2010, 2011a, b; Schoenemann et al. 2010, 2011). The prin-
ciple is simple and based on the fact that the resolution of a
compound eye is dependent on the number of facets pres-
ent, the angle between them, and the acceptance angle of

the receptor cells. The amount of light a single facet can
capture, however, depends on the diameter of the facet and
the optical properties of the dioptric structures (refractive
indices and lens cylinder features). The compromise be-
tween small, numerous lenses and a facet diameter work-
ing at threshold conditions is described by the so-called eye
parameter (see Snyder 1977, 1979; Snyder et al. 1977;
Horridge 1977).

This trade-off leads to a compromise and allows the de-
termination of the value of “p”, the eye parameter, defined
as: p=D - Ap [um rad] (Snyder 1977, 1979; Snyder et al.
1977; Horridge 1977). Since the eye parameter depends on
the lens diameter D [um] and the interommatidial angle 4¢
[rad]. The latter should be as small as possible to achieve
the greatest resolution, i.e., a small p value, conversely, a
large p value means dark-adapted eyes. Many investiga-
tions, involving both extant and fossil arthropods, have dem-
onstrated the practicality of the eye parameter for assigning
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Figure 6. Schematic drawing of the eye of Artemia salina (after Hall-
berg et al. 1980).

recent systems to their habitat (for an overview, see Land
1981) that even fossil eyes could be studied with respect to
questions concerning palaeoecological environments was
shown by Land (1981), Fordyce & Cronin (1989) and
McCormick & Fortey (1998).

Given this background information on compound eye
parameters, we can estimate the parameter of the fossil eye
asp=195um - rad[p = (N3)-D- Ap, hexagonal pattern
of the facets, D ~ 28 um], which suggests adaptation to
rather low light conditions. This conforms to an estimation
of the absolute sensitivity of S = 0.62 - D*- Ap* - P, [um?sr]
(Land 1981, Frederiksen & Warrant 2008). [The factor
0.621s (n/4)2, because all structures involved are spherical,
P, is a factor describing how much of the incident light is
absorbed by the rhabdom, and lies between 0.1 and 0.9
(Land 1981, Land & Nilsson 2002).] The anatomically-de-
rived sensitivity of the eye investigated here lies between
78 [um?sr] (P = 0.1) and 709 [um?sr] (P, = 0.9), which
indicates a low-light adapted visual system similar to that
seen in the coastal, mainly nocturnal horseshoe crab Limu-
Tus (S = 83-317 [um?sr]) (Land & Nilsson 2002; for further
details on the optimal relation 4p/4Ap < 0.75 see Snyder
1977, p. 174).

Because the fossil eye as a whole is rather small and the
lenses are comparably large the acuity of the eye has to be
poor. The spatial frequency v, = 1.46 cycles/rad, a measure
of the fineness of scanning [1/(\N3 - 4p) = v, in hexagonally
patterned facets (Snyder 1977)], is relatively low and lies
close to that of the deep sea isopod Cirolana borealis
(vy=1.90cycles/rad) (Land & Nilsson 2002, based on mea-
surements by Lindstrom & Nilsson 1983), which has an ap-
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position eye that sacrifices acuity in order to gather more
light with the aid of a massive rhabdom.

The “Orsten” fossil eye

Many “Orsten” fossils represent mainly larval or small-
sized forms of arthropods, which lived on or close to the
sea floor, possibly some also slightly within the upper layer
(flocculent zone, see Miiller & Waloszek 1991) up to
depths of 200 m in murky water and dim light conditions
(Waloszek 1993). Hence, we can expect this be the envi-
ronment to which the eye of our fossil was adapted. The
enigma of this eye and its anatomy may be solved by consi-
dering that the eye diameter, based on the part of the eye in-
vestigated, does not appear to be larger than 60 um. Thus
the length of a rhabdom cannot be much more than 30 um,
because of the limited space in this small eye. As light in-
side a rhabdom is absorbed exponentially and the coeffici-
ent of absorbance — the rate of absorbance by the “rhabdom
material” — is known for different arthropods, Land estima-
ted that the length of a rhabdom absorbing 80% of the inci-
dent light should be about 240 um long (Land 1981). The
short length of the rhabdom in the tiny “Orsten” eye might
be compensated for to some extent by the relatively large
lenses (~28 pum in diameter) and also the comparatively
large rhabdom diameter (~18 pum, Fig. 2C; ~20 um,
Fig 2D).

Wider lenses of comparable size are known from other
small fossil arthropods as well, such as the tiny planktonic
trilobite Ctenopyge ceciliae Clarkson & Ahlberg, 2002
(Schoenemann et al. 2008, 2010). Among Recent amphi-
pods the diameters of rhabdoms vary from 2.7 um in male
Dyopedos porrectus Bate, 1857 (= Dulichia porrecta,
Meyer Rochow et al. 1991) to more than 30 um in deep wa-
ter species (Hallberg et al. 1980, Meyer-Rochow 1981),
and it is evident that rhabdoms in crustaceans generally,
and amphipods and isopods in particular, increase in width
with the depth, at which the species lives (Meyer-Rochow
& Nilsson 1999). It follows that our fossil species would
not have been a shallow water species.

Conclusions

The short distance between the distal end of the rhabdom
and the surface layers of the eye suggests that the “Orsten”
crustacean had an apposition type of eye and not the more
specialised superposition eye, in which the distance from
dioptric apparatus to thabdom is typically much larger. The
eyes of the “Orsten” crustacean described in this paper,
thus, may be among the oldest apposition eyes reported so
far. The eyes appear to exhibit adaptations to have functio-
ned in a dim light environment.
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