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Fossilized compound eyes from the Cambrian, isolated and three-dimensionally preserved, provide
remarkable insights into the lifestyle and habitat of their owners. The tiny stalked compound eyes
described here probably possessed too few facets to form a proper image, but they represent a sophisti-
cated system for detecting moving objects. The eyes are preserved as almost solid, mace-shaped blocks of
phosphate, in which the original positions of the rhabdoms in one specimen are retained as deep cavities.
Analysis of the optical axes reveals four visual areas, each with different properties in acuity of vision.
They are surveyed by lenses directed forwards, laterally, backwards and inwards, respectively. The
most intriguing of these is the putatively inwardly orientated zone, where the optical axes, like those
orientated to the front, interfere with axes of the other eye of the contralateral side. The result is a
three-dimensional visual net that covers not only the front, but extends also far laterally to either side.
Thus, a moving object could be perceived by a two-dimensional coordinate (which is formed by two
axes of those facets, one of the left and one of the right eye, which are orientated towards the moving
object) in a wide three-dimensional space. This compound eye system enables small arthropods equipped
with an eye of low acuity to estimate velocity, size or distance of possible food items efficiently. The eyes
are interpreted as having been derived from individuals of the early crustacean Henningsmoenicaris scutula
pointing to the existence of highly efficiently developed eyes in the early evolutionary lineage leading
towards the modern Crustacea.
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1. INTRODUCTION

Stalked compound eyes of many arthropods, both ancient
and recent, have a great potential for enhancing the avail-
able field of view. An especially sophisticated strategy has
been discovered in an eye that is about one half a billion
years old. This tiny eye, represented by six isolated stalked
eyes, has been interpreted as belonging to individuals of
the species Henningsmoenicaris scutula [1] ([2]; see also
[3] for a detailed study of H. scurula), an early representa-
tive of the Crustacea, because no fragments of other
species that could be the owner of these stalked eyes were
found in the material. Based on its physiological properties,
we here attempt to show how this tiny compound eye gath-
ered information about its surroundings effectively, and we
also discuss the habitat to which the animal was adapted.

2. MATERIAL AND METHODS

‘Orsten’ refers to calcareous stinkstone concretions found in the
Cambrian Alum Shale sequence of Sweden. Etching the Orsten
nodules yielded assemblages of three-dimensionally preserved,
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secondarily phosphatized and mostly hollow-body microfossils
of 0.1-2 mm in size (e.g. [4]; for general information and
discussion of Orsten-type preservation see [5]).

Six specimens of stalked eyes were available for study. The
sizes of the whole specimens lie between 600 and approximately
1000 pm and the size of the ovoid visual eye structure lies
between 260 and 405 pm. They all share a similar morphology
and are from a single locality, the quarry of Gum, at the south-
western slope of Mt. Kinnekulle, Vastergotland, Sweden
(Agnostus pisiformis zone (formerly representing the lowermost
zone 1 of the Furongian series, reconsidered as the uppermost,
still unnamed series 3 Guzhangian stage, [6—8])). Detailed
investigations of the structure and physiological properties of
the eye were undertaken on the two most informative speci-
mens (UBW383 and 384; figure la—#4). Specimen UBW
383 (figure 14) displays well-preserved hexagonal facets that
give us an insight into the organization of their optical units.

Compound eyes consist of more or less numerous individual
units, the so-called ommatidia. In their most basal form, the so-
called apposition eye, each ommatidium is composed of a distal
dioptrical apparatus, which focuses the incident light onto a
light-guiding structure, the so-called rhabdom, which is part
of the sensory cells (figure 17). It contains the visual pigments,
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Figure 1. Stalked eyes belong to late developmental stages of Henningsmoenicaris scutula [1]. (a) UB W 384 eye in lateral view,
showing rhabdom cavities. (b) Explanatory drawing of (a). (¢) Bearings of optical axes in the vertical transection. (d—f) UB W
384 in (d) lateral, (e) frontal and (f) posterior aspects. (¢) Whole stalked eye with mace-shaped head (left) and basal insertion to
the joint right. (4) UB W 383 Facets in the eye. (z) Schematic of an apposition type ommatidium. 1. Contrasts inside the visual
field of the ommatidium; 2. focusing dioptric apparatus; 3. rhabdom with sensory cells. Scale bars, 50 pm.

which change their configuration as the light touches them.
This process evokes an electrical signal that is processable by
the sensory cells and the nervous system of the arthropod.
Each of these units is separated by screening pigmentary
cells. Thus, the distribution of light contrasts within the open-
ing angle of one unit is combined onto the rhabdom and
averaged to a medium ‘spot’ of light impression, rather than
forming a real image inside each facet. In total, a compound
eye of this type forms a mosaic-like image, and the acuity
of vision of the arthropod depends mainly on the number of
facets, as pixels define the acuity of a computer graphic. The
rhabdoms represent the optical axes as the ray paths of each
ommatidial unit, while in more advanced systems, as in super-
position eyes, the rhabdoms are shorter; they terminate inside
the compound eye, and the ray paths are more complicated.
The apposition compound eye is the oldest type of compound
eye, because more specialized types such as superposition eyes
have been shown to be younger than the Carboniferous [9]. In
apposition eyes, the rhabdoms are formed like pins that project
deeply into the eye and UBW 384 possesses traces of the
rhabdoms as cavities (figure la—g). Thus here, we consider
the oldest identifiable functional type of compound eye—an
apposition eye—so far known.

The analysis of the optical characters of the eye was attained
by measurements and geometric constructions on the basis of
scanning electron microscope (SEM) images of the eyes. The
investigation of the optical axes is complex because of their
three-dimensional arrangement. The orientation changes con-
tinuously, and thus it is possible to describe the character of
this flow by a two-dimensional projection, a vertical transection
through the visual surface. The lens distribution along this
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section characterizes well the active visual areas of this eye, as
will be discussed later. Acuity depends essentially on, amongst
other parameters, the interommatidial angle Ag (figure 2a): the
smaller A is, the finer is the scanning pattern of the surround-
ings, and the higher the spatial resolution. The interommatidial
angle was measured based on the optical axes. Because the
specimens were fixed (glued) on stubs in the 1990s, not all
A¢g or lens diameters D are available, and the measurements
of the vertical cut must be taken for the adjacent areas
representatively.

The positions of the pair of eyes on the animal have been
estimated based on the assumption that the distance between
the insertion of the eyes is approximately half the length
of the stalk, as can be taken from the reconstruction made
by Haug ez al. [3] from the fossil record of the earlier devel-
opmental stages of H. scutula. That the area of highest acuity
of an eye is oriented to the front and/or laterally is almost tri-
vial for a forwardly moving arthropod, scanning the field
towards which it is moving.

3. ANALYIS OF THE VISUAL SYSTEM

The specimens of isolated eyes investigated herein have
the shape of a mace comprising the slender eye stalk
and the apical ovoid compound eye (figure 1g). In speci-
men UBW 384, the proximal end of the stalk shows a
distinct constriction, probably the insertion to a joint, so
the stalk was movable and represented here in its com-
plete length. The smooth surface of the eye is indented
by numerous irregular, somewhat star-shaped cavities
with variable diameters. The largest of these cavities are
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Figure 2. (a) Definition of parameters used. A¢, opening angle of the visual unit; D, lens diameter; Fp, optical axes intersecting at
one point, here called: focal point. The optical axes of the ommatidia intersect in front of the ommatidia to form kite-shaped areas.
(b) Reconstruction of H. scutula showing inferred position and orientation of the eye stalks. (i) Ventral aspect; (ii) lateral aspect.

located at the rounded end of the eye, the smallest at the
wider end on the opposite side.

Orsten fossils are normally hollow-bodied, the pre-
served ‘shell’ resulting from incrustation, impregnation
and mineralization by calcium phosphate (apatite)
during early diagenesis, most probably was mediated by
microbic bacteria. Sometimes, however, such phosphati-
zation has been pervasive and the inside of the fossil
became filled with phosphate, as in the pentsatomid
figured by Maas ez al. [5], fig. 4a,c and the stalked eyes
found here. The rhabdoms, however, were less resistant;
their positions are represented by elongated cavities,
normal to the surface. The axial directions of the rhab-
doms can thus be precisely reconstructed, indicating the
ray paths inside the visual units, as their optical axes.
As in extant arthropod apposition compound eyes, these
traces of the rhabdoms intrude deeply into the entire eye.

Accordingly, the pattern of these cavities allows us to
measure the direction of the ommatidial axes, since they
stand normal and perpendicular to the local surface of
the eye. As specimen UB W 383 (figure 1%4) shows, the
facets remain close to each other without any gaps, and
are regularly hexagonal. The field of view has been
measured between the most extreme optical axes, and is
approximately 300°. If, as we believe, the stalk was mova-
ble, this already remarkably wide field of view would be
enlarged even further.

The analysis of the optical axes along the vertical
transection through the visual surface (figure 1c¢)
conspiciously shows that the axes of certain adjacent facets
converge and form groups with intersecting optical axes
inside the eye meeting at one point in common (figure 3a),
while between these groups lie facets with axes of intermedi-
ate character. The axes of the intermediate facets do not have
such a focal point and form a continuous transition to the
orientations of the next group. In one group, the optical
axes run almost parallel with each other. A three-dimensional
reconstruction of the optical axes (figure 3b), as far as the
fixation on the stubs allows, shows that adjacent visual
facets of each area are in continuance to the groups of the ver-
tical section, and form distinct areas also with transitional
zones. The approximate intersections of their axes form
more or less distinct focal areas inside of the eye.

In the vertical transection, the four recognized groups are
characterized by different interommatidial angles. Group I
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has three ommatidia (along the transection) with a very
large opening angle of A¢p =39.8° + 2.0° and an average
ommatidial diameter of 40.4 + 6.9 um. One ommatidium
lies in the intermediate zone between groups I and II.
Group II consists of about four ommatidia (D = 25.8 +
5.4 um). Owing to the almost flat visual surface, the axes of
these ommatidia run almost in parallel (Ag: 0.75° + 4.3°).
This means that, under the given demands for a certain
lens diameter to work efficiently under given light conditions,
the finest pattern possible for scanning the surroundings is
realized in this case. Furthermore, there are axes inside of
group II crossing at a greater distance. Three ommatidia lie
in the intermediate zone between groups II and III. Group
IIT comprises six ommatidia. The axes of the ommatidia
(D=13.3 + 2.1 pm) of group III are orientated like out-
wardly spreading beams having a median angle of Ap =
10.8° + 1.5°. A single ommatidium forms the intermediate
zone between groups III and IV. Area IV comprises eight
ommatidia. It is characterized by a comparatively small inter-
ommatidial angle of A¢p=5.4°+ 1.53° and a median
ommatidial diameter of 14.4 + 3.8 pm.

Based on the properties of the distinguishable groups
of differently organized optical axes of the eye, group III
is interpreted as pointing to the front because it has a sig-
nificantly higher resolution than the opposite end of the
eye. Assuming that the arthropod was equipped with a
pair of eyes, the resulting arrangement of the two eyes
leads to overlapping fields of view of the areas of the
two eyes to the front. Furthermore, especially within
area IV, the optical axes of left and right eyes form a
dense net of kite-shaped regions (figure 3c¢).

A ‘dead zone’ described by Burkhardt [10] as an area
not being covered by any optical axes in the ‘normal’
(unmoved) position of the eye stalk is identified between
and behind the left and right eyes (grey area in figure
3¢). The spatial size of this dead zone of extant arthro-
pods is usually correlated to the body [10], which the
animals cannot see through. Based on the reconstructed
‘dead zone’ for the visual system investigated herein, the
body of the eye bearer must have been at least 1.5 mm
in length.

The ‘normal’ position of the eyes with regard to the
body is shown in figure 2b. The wide ovoid shield cover-
ing the entire arthropod is restricted slightly at the
front and thus gives space to the eyes to ‘peer’. The
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Figure 3. (a) Two-dimensional projection and areas of optical axes. I, II, III, IV areas of visual units with comparable function and
character. The optical axes of each area have a single focal centre, where the axes intersect Ty, T, v transitional areas with
intermediate interommatidial angles. (b)) Three-dimensional reconstruction of the orientation of the optical axes of the areas
belonging to the groups I-IV. Crosses indicate the approximate positions of the focal centres inside of the eye. (¢) Interaction
of the ommatidial opening angles (morphological visual fields of each ommatidium) of both eyes. I, II, III, IV groups of omma-
tidal visual fields; I, II'; IIT', IV’ contralateral groups of ommatidal visual fields; grey area: dead zone without any visual
perception. (d) O: moving object in the field of view. From the start to the moment of observation it crosses approximately 35
sectors, meaning approximately 35 coordinates given by particular couples of ommatidia.

outermost position, when this is possible, was taken as
the ‘normal’ position, when the main visual surface is
directed laterally, able to scan the horizon, and the end
with the higher acuity was orientated forwardly.

4. DISCUSSION: THE VISUAL STRATEGY OF A
SMALL PREDATOR

Based on the strict geometric pattern of the half-a-billion-
year-old eye of H. scutula investigated here, the functional
aspects of vision in this species can be understood to a
quite impressive degree. The organization of the four
groups of different interommatidial angles reflects areas
of different morphological acuity, corresponding to
the width of the opening angle A¢. The smaller Ag, the
finer the scanning patterns of the surroundings, and the
higher the morphological resolution. Group III, repre-
senting its area of vision with its high acuity, was most
probably oriented to the front. The large, more or less
flat area of group II surveys the lateral part, probably
the horizon, and a wide laterally extending environment,
which is optimally scanned owing to the almost parallel
optical axes resulting in the smallest Ap possible. In this
area, the slightly indented visual surface causes the inter-
section of the optical axes. This may be an artefact caused
by fossilization, or the indentation may be regarded as a
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kind of ‘attempt’ to enable a slight stereoscopic view
from this part of the eye. The part of the lowest acuity
is the area around group I. It has the widest visual
units, meaning that the visual units had a wide aperture
to capture enough light to be able to function, in other
words they had the highest sensitivity for capturing
light. Possibly it was orientated backwards and slightly
downwards, and thus able to survey the dark of the
deeper sea below the animal. The function of the area
adjacent to group IV is only interpretable when assuming
the presence of a pair of these stalked eyes on this
crustacean (see below).

A high number of small facets and low interommatidial
angles, scanning the environment with a fine resolution,
provide the animal with a good acuity of vision, but
they require a high light intensity, as is illustrated in
modern, diurnally active dragonflies, which have up to
20 000 facets (corresponding to 20 000 ‘pixels’ of their
image) within each eye. When living in deeper regions
or under a crepuscular lifestyle larger lenses would be
necessary, capturing more light, but in the limited space
available in a compound eye this would be at the cost of
acuity. This ‘competition’ under ecological conditions
leads to a compromise to achieve a maximum possible
acuity with the lowest necessary amount of light. This is
an optimization to the demands of life, which can be
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described by the so-called ‘eye parameter’ [11—-15]. It was
calculated as p = (% x /3)D x Ap pm rad) for hexagon-
ally packed facets. D stands for the distances between
the optical axes on the surface of the eye, as for the lens
diameter, which is identical in densely packed compound
eyes. The eye parameter p can be used for establishing the
light conditions to which the animal was adapted, as has
been undertaken with extant arthropods [11,13-15],
for comparison.

p=1.240.95 (um rad) indicates that H. scutula was a
daylight-adapted diurnal arthropod, living probably close to
the light-flooded surface, as many comparisons with extant
arthropods demonstrate (compare [11,12]). Diurnal
marine crustaceans have an eye parameter of about
2—4 pm rad, while diurnal terrestrial arthropods, not
suffering from the absorption of light by the water, have an
eye parameter of less than 2 pm rad, and the whole range
of this parameter lies between values of less than 1
and more than 200 pmrad, following a logarithmic
characteristic [11,12].

Although the lens diameter (and acuity) of the visual
areas as shown is variable, the low standard variance of
the eye parameter over all groups shows that the eye par-
ameter seems to be balanced all over the eye (except for
the specialized group I). Because the eye parameter is a
measure for the light conditions to which the eyes are
adapted, a balanced eye parameter all over the different
functional areas of the eye indicates a stable adaptation
to the light conditions mentioned above. Based on the
reconstructed orientation of the eye, the entire visual
field is reconstructed (figure 3). Most of these optical
axes of both eyes interfere, which means that stereoscopic
vision and depth perception are possible over a wide
range. It also becomes evident that this stereoscopical
view is extended far to the contralateral side of each eye.

Most surprising is the evaluation of the optical axes of
the area of group IV. In many extant animals, where com-
pound eyes are capable of stereoscopic vision, such an area
is normally restricted widely to the front, as has been
demonstrated for a large number of arthropods with
stalked eyes [11,16]. Here in the fossil eye investigated,
this zone of three-dimensional vision is, however, further
extended very far to the contralateral side, mainly as the
result of the extraordinary geometry of the eye, especially
the position and arrangement of group IV. This area,
owing to its far extension and its inward orientation,
should have been able to survey the internal, proximal
and contralateral fields of view very effectively.

One aspect of vision in apposition compound eyes, as
seen above, is that within the field of view of any visual unit
(corresponding to the opening angle of each ommatidium),
no separate visual inputs can be differentiated. All visual
inputs of one ommatidium are summed up to one average
light signal, resulting in a mosaic-like image for the whole
compound eye, and the range of any single facet is one
informational unit, comparable to pixels in a digital graphic.

Yet, it is clear from the limited number of lenses (fewer
than 200) of the fossil eye analysed here that it cannot
have formed a highly differentiated and acute image.
In this eye, the wide range of overlapping field of view,
especially to the contralateral sides, must be interpreted
as quite another principle of vision: here, each of the
kite-shaped fields established from the intersections of
these areas of vision (opening angles) of individual
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ommatidia (compare figures 2 and 4) stands for one opti-
cal informational unit—functioning like a coordinate
system, as is common in compound eyes. The smaller
are the kites as informational units, the finer is the
acuity of vision. These fine acute fields of vision in arthro-
pods are normally orientated to the front—but here are
atypically extended over an enormously wide field
towards the contralateral sides of the eyes. Accordingly,
the eyes have a highly sensitive function: if an object is
moving inside the net of optical axes (figure 3d), its move-
ment from one sector to the next will be recognized
immediately, because it changes from one point of the
coordinate system to another. In other words, each time
an object passes a line or a crossing point in this web,
entering another informational unit (‘kite’), another pair
of facets will recognize it, and its movement can be
observed effectively. While two facets (one of the left
eye and one of the right) always determine the position
of an object spot inside the visual field of the animal,
we find a dense network of optical axes. In the example
of figure 3d, the moving object touches approximately
35 sectors, meaning approximately 35 coordinates, ensur-
ing a highly efficient eye system for a creature searching
for small moving objects and selectively catching food
items, although not able to form acute images, owing to
its small size and low number of facets (‘pixels’).

Even estimating distances is easy to achieve, as is jud-
ging the (relative) velocity and magnitude of an object,
simply by comparing the sectors of the three-dimensional
visual field. Because, as described before, a high acuity of
vision is supported by a narrow web of informational units
(small kites in figure 3), the acuity of the estimation of
distances becomes less accurate the farther away the
target of vision lies, because the size of the sectors
increases with distance from the eye (compare figure 3).

If the eye stalks were moved outwards, the distance
between both eye surfaces was wider and the size of the
visual field would have been enhanced, but it would have
a lower acuity, because the kites became wider.
An enhancement of acuity would be achieved by the oppo-
site assumptions. If the eyes approach by the inward-
movement of the stalks, the stereoscopic field of view
enters the internal blind zone, which may have been
involved in controlling the feeding process when eating
the captured prey, as the latter is reported for dragonflies
or certain beetles [11]. The presumed optical situation, in
principle, however, remains unchanged.

The dead zone is correlated with the size of the arthro-
pod [10]. For the investigated eye, the body length of its
owner can be estimated to have been at least about
1.5 mm, as the shape of the dead zone (figure 3¢) corre-
lates well with the shape of H. scutula (figure 2b). The
largest complete specimen known of H. scutula is about
1 mm long, and it is known from fragments that this
was not the final developmental stage, but that growth
had probably continued subsequently [3]. A large trunk
fragment, for example, indicates that individuals may
have grown to at least 2.5 mm in length. On this basis,
the investigated eyes could well be from H. scutula indi-
viduals that were 1.5 mm long. Yet, the stalk appears in
developmental stage 8 and becomes progressively longer
throughout ontogeny [3], and crustaceans plesiomorphi-
cally are equipped with compound eyes. In fact,
H. scurula is the only known crustacean from the Orsten
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to have well-developed eye stalks, and the described eyes
may have enabled H. scutula to actively grasp specific
food items.

5. CONCLUSION

The tiny compound eye of H. scutula appears to be too
small to establish an image-gathering function, as it has
a low number of visual units. However, this eye is highly
differentiated into four functionally different areas and
may have enabled H. scutula to detect moving objects
and also recognize their distances. Thus, H. scutula prob-
ably fed through catching selected food items, perhaps in
a predatory lifestyle, but could easily watch out for preda-
tors itself, even when approaching from behind, and hide.
Despite its small size and the inability to provide images
of high acuity, the stalked eye of H. scutula represents a
sophisticated visual system well-adapted to a specialized
lifestyle, although it is almost half a billion years old.
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