
the Earth’s) at a distance of 100 km that lasts for 100 s after an
impact18. For Vredefort, these are minimum values because the
meteorite diameter was greater than 10 km (ref. 19).

We suggest that small-wavelength magnetic fields of high inten-
sity are responsible for both the randomization and the unusually
high remanence of the Vredefort basement rocks. Diamond anvil
experiments on magnetite show that its remanent saturation
moment is significantly enhanced when it is either under pressure
or after decompression20. This implies that shock creates a piezo-
remanent magnetization, or a high-field TRM, depending on how
fast the newly formed magnetite grains cooled through the Curie
temperature, which is 580 8C at 0.1 MPa yet 1,180 8C at 30 GPa
(refs 21, 22). Both processes would increase, not decrease, the
magnetic intensities of the shocked rocks. Assuming that the
temperature of the pre-impact crust was 500 8C, magnetite grains
crystallizing in a 1-mm-thick PDF plane would cool through the
Curie point in less than one second7,23, in the plasma generated field.
In contrast, a 1-m-wide dyke takes about 11 days to cool23, long after
the plasma field disappeared, in the presence of a ‘normal’ Earth
field.

Aeromagnetic surveys over meteorite impacts commonly detect
field intensities lower than regional magnetic trends24. Such is also
the case for the gigantic (.1,000 km diameter) martian impact
basins Hellas and Argyre1, whose lower field intensities are com-
monly ascribed to pressure demagnetization2,3. Our study of
Vredefort, the best terrestrial analogue of a martian meteorite crater,
demonstrates that shock in fact leads to intensified and randomized
magnetic vectors in shocked rocks. On the scale of the crater, the
vectors cancel out, being equivalent to a volume of non-magnetic
material seen at high altitudes, thus accounting for the reduced
fields measured over the craters. The lack of crustal magnetism over
impact basins on Mars is commonly ascribed to the absence of an
internal dynamo during meteorite impact. Our new findings ques-
tion the validity of this assumption. A
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Cubozoans, or box jellyfish, differ from all other cnidarians by an
active fish-like behaviour and an elaborate sensory apparatus1,2.
Each of the four sides of the animal carries a conspicuous sensory
club (the rhopalium), which has evolved into a bizarre cluster of
different eyes3. Two of the eyes on each rhopalium have long been
known to resemble eyes of higher animals, but the function and
performance of these eyes have remained unknown4. Here we
show that box-jellyfish lenses contain a finely tuned refractive
index gradient producing nearly aberration-free imaging. This
demonstrates that even simple animals have been able to evolve
the sophisticated visual optics previously known only from a few

Figure 4 Comparison of the angular distance between minimum anisotropy of magnetic

susceptibility (AMS) axes and magnetization component directions between two samples.

a, Two samples from the same site; b, two samples from the same core. NRM,

natural remanent magnetization direction; HC/HT, high coercivity or high temperature

remanent magnetization direction; both are shown for comparison.
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advanced bilaterian phyla. However, the position of the retina
does not coincide with the sharp image, leading to very wide and
complex receptive fields in individual photoreceptors. We argue
that this may be useful in eyes serving a single visual task. The
findings indicate that tailoring of complex receptive fields might
have been one of the original driving forces in the evolution of
animal lenses.

In the light of the current interest in early eye evolution5,6, the
uniquely evolved eyes of box jellyfish have been neglected. To a
much higher degree than other jellyfish, cubozoan medusae actively
position themselves in suitable habitats1,7. This is the likely reason
that they have eyes rivalling those of advanced Bilateria. Suspended
from the sides of the bell, each box jellyfish carries four sensory clubs
(rhopalia), and each of these is equipped with two lens eyes, here
termed the upper and lower eyes, together with two different pairs
of simpler pigment-pit eyes2,3,8–10 (Fig. 1), making a total of 24 eyes
per animal. From the unique crystallin proteins we know that at
least the lenses have evolved independently in box jellyfish11,12.
Making good lenses seems to be a demanding task, because only
few animal phyla have accomplished it13. Our question here is
whether the eyes of box jellyfish are simple sensory organs or
whether they have, to any degree, managed to evolve the sophisti-
cated optics found in vertebrate and cephalopod eyes14, giving them
image-forming capabilities.

The eyes do not vary much between box jellyfish species, and for
convenience we used a small (10 mm) Caribbean species, Tripedalia
cystophora, which can be bred from polyps under laboratory
conditions15. The natural habitat of this species is among the prop
roots around the edge of mangrove lagoons1. To investigate the
visual optics we first established accurate geometrical models of the
upper and lower lens eyes (Fig. 1d). These have diameters of 150 and
250 mm respectively. Both eyes are built similarly but differ some-
what in retinal geometry. All major components of a typical camera-
type eye are present: a cornea, a lens, a retina, a pigment layer and an
iris. The lenses are spherical and cellular. A thin cellular space
separates the lens from the retina. Microvilli projecting from the
ciliary outer segments of photoreceptor cells fill the retina3. The
outer segments are contiguous and lack structures that can act as
light guides. They are arranged in an orderly way but have their long
axes unconventionally aligned towards a point just outside the pupil
in the lower eye and obliquely towards the pupil margin in the upper
eye (Fig. 1d). A layer of dark pigment covers the outside of the retina
and forms an iris around the lens. Changing the light intensity
reveals that the lower eye has a mobile pupil that can close down the
aperture from about 150 mm to 100 mm in less than 1 min (Fig. 1),
whereas the pupil of the upper eye remains constant at all
intensities.

Fresh isolated lenses are able to form good images (Fig. 2)
irrespective of lens orientation, implying spherically symmetrical
optics. Using microinterferometry we determined the refractive
index from the periphery to the centre of the lenses. From the
data (Fig. 2) it is clear that the lenses of both eyes contain refractive
index gradients. The central refractive index is about 1.48, which is a
little lower than the 1.49–1.56 found in fish lenses14,16. In the upper
eye the lenses display a smooth gradual decrease in refractive index
towards the periphery, whereas lenses of the lower eye have a nearly
homogeneous core surrounded by a smooth gradient. In the lens
periphery of both eyes the refractive index gradient falls without
discontinuity to the value of the surrounding tissue (1.34).
Electron microscopic sections of the cellular lenses reveal a
corresponding staining gradient, indicating that the packing den-
sity of crystallin proteins is responsible for the gradient in
refractive index.

Tracing rays through the refractive-index gradient of the upper
eye reveal nearly perfect focusing for all ray positions (Fig. 2). For
such a minute eye it is surprising to find well-corrected, aberration-
free imaging, otherwise known only from the much larger eyes of

vertebrates and cephalopods13,14,16. The gradient in the upper-eye
lenses comes very close to the ideal solution17. The lenses of the
lower eye have a less ideal gradient and consequently display some
spherical aberration (Fig. 2e, f). It is the homogeneous lens core and
steep peripheral gradient that results in positive spherical aberration
in the lower eye.

When the ray paths of the lenses are put into the geometrical
models of the eyes, it turns out that both eyes are severely under-
focused (Fig. 3a). The sharp image falls well below the retina and it
would seem that the sharp focus of the lenses is wasted by
inappropriate eye geometry. Another, more likely, interpretation
is that the eyes are ‘purposely’ under-focused to remove high spatial
frequencies (fine image details) from the retinal image, much as
occurs in insect dorsal ocelli18. If the arrangement is indeed a spatial

Figure 1 The eyes of the box jellyfish Tripedalia cystophora. a, The rhopalium shows the

upper and lower lens eyes flanked by two pairs of simpler eyes. b, c, The live lower eye

displays a mobile pupil. In b the eye was exposed for about 10min to light intensities

corresponding to direct sunlight, which is enough to close the pupil maximally. The

fully open pupil in c is the result of total darkness for 10min. Pupil adjustments take about

1 min. d, An accurate anatomical model. The sagittal section contains the statolith and the

internal structure of the two lens eyes. The spherical lenses are surrounded by a

cellular capsule, the inner part of which forms the equivalent of a vitreous body

between lens and retina. Iris constriction in the large eye is caused by contraction of the

outer part of the lens capsule. The lower eye is rotationally symmetrical, but the upper

eye is only bilaterally symmetrical (front view shown to the right). Receptor outer

segments fill the retina of both lens eyes. The alignment of receptor outer segments is

unusual, especially in the upper eye, where receptor axes converge on a point at one side

of the lens. Scale bars, 100mm.
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low-pass filter, it would help the animals to detect the large and
stationary structures of their visual environment, but would leave
unseen the plankton and small particles floating with the current.
Assuming that the lens eyes have evolved to allow the jellyfish to
remain in nearshore habitats and to avoid swimming into obstacles,
a low-pass filtering of image structure would make sense.

Figure 2 Optical properties of the lenses. a–c, Upper eye; d–f, lower eye. In a and d the

refractive index is plotted as a function of radial position in the lenses (values from six

lenses of each kind, normalized to unity radius). In the upper-eye lens (a) the refractive

index follows a near-parabolic profile, whereas the lower-eye lens (d) has a homogeneous

centre and a gradient only in the outer half. Curves fitted to the data (grey traces in a and

d) were used to calculate the ray paths in b and e. From these it is obvious that the lens of

the upper eye forms a much better image than that of the lower eye. The upper-eye lens

produces an almost aberration-free focus at a distance of 3.3 radii from the lens centre,

whereas the lower-eye lens displays positive spherical aberration, with focal lengths

ranging from 2.6 to 3.7 lens radii. c, f, The difference in image quality was confirmed by

direct observation of images produced behind fresh isolated lenses. A grating object at

infinity generates a crisp image behind a lens of the upper eye (c), but the same object

imaged by a lens from a lower eye is contaminated by considerable aberration blur (f). The

difference in image magnification is a consequence of the different focal lengths. Scale

bars, 25 mm.

Figure 3 Modelling of receptive fields of individual photoreceptors in the retina of the

upper and lower eyes. a, The optical models were used for tracing rays through the lens

and retina and computing the absorption of light in selected single photoreceptors (red

bars). Rays were traced in three dimensions, and by calculating receptor absorption at

different incident angles of the ray bundle it was possible to generate receptive field maps

for any receptor in the eyes. b, c, Receptive fields of receptors in the upper eye (b) and the

lower eye (c). The top panels in b are for the central and peripheral receptors in the upper

eye, as indicated in a. Note that the tilted receptors cause asymmetric receptive fields.

The bottom panel in b shows the receptive field of a peripheral receptor in the

perpendicular plane of the upper eye (see frontal view in Fig. 1d). Because the lower eye

(c) is rotationally symmetrical, the perpendicular plane is identical with that shown in a.

The top panels are modelled with an open pupil, for central (left) and peripheral (right)

receptors (see red bars in a). The bottom panels are for the same receptors under a closed

pupil. The sensitivity of the receptors was normalized to 100% in accordance with the

colour map in b.
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To analyse the consequence of under-focused optics and lack of
light-guiding structures in the retina further, it is necessary to
measure the angular sensitivity functions of individual photo-
receptors. Normally, intracellular electrophysiological recordings
would be the method of choice here, but we have not yet succeeded
with this approach. However, our optical and anatomical data allow
an alternative approach: calculations of light absorption in single
receptors using a three-dimensional ray-path model. This approach
has the advantage of allowing a direct correlation between the
angular acceptance function of a receptor and its position in the
retina. We traced three-dimensional beams of light in a fine angular
matrix covering the visual field of the eye, and calculated the
amount of light absorbed in selected photoreceptor cells as a
function of the angle in visual space. The resulting maps are the
complete angular sensitivity functions (receptive fields) of selected
receptors (Fig. 3).

As expected from the severe under-focusing, the receptive fields
are very wide compared with those of photoreceptors in other eyes.
Half-widths of the receptive fields are about 208, which is to be
compared with a few degrees in insect compound-eye photo-
receptors, and much less than 18 in vertebrate camera-eye photo-
receptors13. If they had light-guiding photoreceptors in the focal
plane of the lens, both the upper and lower eye of Tripedalia would
easily be able to obtain angular sensitivities less than 18. The visual
resolution is thus very much worse than the sophisticated lenses
would allow. Another peculiarity of the receptive fields is their
shape. Central receptors in the lower eye display a ring of highest
sensitivity surrounding a pronounced dip, and other receptors have
strongly non-concentric sensitivity functions (Fig. 3). A recurring
feature in our modelled receptive fields is that the sensitivity peak is
flanked by a steep slope on one side and a much slower decrease on
the other. This indicates that higher spatial frequencies at certain
orientations remain in the otherwise very blurred image.

Because we do not yet know how the visual information from the
lens eyes of box jellyfish is processed and used, we cannot tell what
purpose the peculiar sensitivity functions might serve. But it is
intriguing to note that many neurons in higher visual centres of the
vertebrate brain also have large and geometrically complex receptive
fields19–21. A typical feature of animal visual systems is that higher
processing occurs in parallel pathways where each pathway handles
a specific aspect of information such as large-field motion detection
or feature recognition22. The large and complex receptive fields of
neurons found in vertebrate higher visual centres represent highly
filtered information needed for specific visual tasks. In box jellyfish
we find these large complex receptive fields at the level of photo-
receptors, indicating that the eyes might be specialized for a specific
task only and that this allows complex filtering of information much
earlier than in more general visual systems. The fact that box
jellyfish have four different types of eye gives support to the idea
that each eye type is highly specialized.

The early evolution of animal visual systems is likely to have
started out with eyes that were involved only in single visual tasks. In
this perspective it is interesting to note that high visual acuity is not
necessarily desirable. The lens eyes of box jellyfish indicate that there
might be visual tasks best served by a blurred image. Evolution of
sophisticated eyes might therefore be a process with discrete stages
representing the sequential addition of visual tasks. Our results also
indicate that advanced lenses with graded-index optics might have
evolved for tailoring complex receptive fields and not just for
improving sensitivity or acuity. A

Methods
Animals
Adult Tripedalia cystophora were collected in mangrove swamps near La Parguera, Puerto
Rico. Experiments were performed on animals caught in the wild and on descendants
cultured in the laboratory. We used medusae with a bell height of 6–8 mm.

Anatomical model
To obtain an anatomically precise model of the eye geometry we used sections of rhopalia
prepared in fixative (2.5% paraformaldehyde, 2.5% glutaraldehyde and 3% sucrose in
0.1 M cacodylate buffer pH 7.4) for 2 h, dehydrated in an ethanol series and embedded in
Epon resin. The plastic blocks were cut at 0.5 mm on a diamond knife and stained with
methylene blue and azur blue. Sections for light microscopy were cut through the sagittal
plane of the rhopalium and perpendicular to this plane along the optical axis of the upper
and lower lens eyes respectively. Geometrical models were generated as an average based
on eight rhopalia from different animals. The sections suffered some shrinkage and minor
deformations, which was corrected in the model by comparison with photographs of 12
fresh rhopalia in which the outer margins of the lens and retina were visible. Photoreceptor
dimensions were measured on material prepared as above but block-stained with OsO4,
sectioned for electron microscopy, post-stained with lead citrate and uranyl acetate, and
examined in a Jeol transmission electron microscope.

Microinterferometry
Fresh lenses were dissected out of rhopalia with thin tungsten needles. The success rate was
low, and only about one in every five trials resulted in an intact isolated lens. Dissections
and subsequent measurements were made in marine salt water. The isolated lenses were
placed in a parallel-sided cavity of strain-free glass, wide enough not to squeeze the lens.
The cavity was placed in a Zeiss interference microscope (Jamin-Lebedeff type) fitted with
interference condenser and objective for £ 10 magnification. The measurement beam
passed through the jellyfish lens, and the reference beam passed immediately next to it.
Monochromatic light of wavelength 546 nm was used. The microscope was focusing at the
widest part of the jellyfish lens, and the background phase shift was adjusted to maximum
extinction. This double-beam interferometric setup produced concentric interference
fringes in the lenses. From the position of the fringes, phase shift profiles were generated in
5 to 12 different directions from the centre to the periphery of each lens. Average phase
shift profiles for each lens were then converted to refractive index profiles. The conversion,
which assumes rotational symmetry, was performed with an iterative ray-tracing
procedure23. Refractive index profiles were calculated for lenses of six upper and six lower
eyes, and average profiles were fitted by cubic-spline functions.

Optical modelling
To generate receptive fields (Fig. 3), a matrix of 100,000 parallel rays, evenly spaced over
120mm £ 120 mm, were traced through the full pupil apertures of the upper and lower lens
eye, using the measured refractive index gradients (Fig. 2) and the geometrical eye models
(Figs 1d, 3a). The trajectory of each ray was calculated in steps of 0.05 mm, accounting for
refraction at interfaces and in the lens gradient (see ref. 23 for equations). The water
surrounding the eye was given a refractive index of n ¼ 1.33, the cellular lens capsule
n ¼ 1.34 and the retinal receptors n ¼ 1.36. The retina was assumed to absorb light with
an absorption coefficient of 0.01 mm21, which is a typical value for receptive segments of
photoreceptors with microvilli24. Receptors were modelled as cylindrical structures, and
absorption in a selected target receptor provided the calculated output from each ray
tracing. The incident angle of the ray matrix was changed in increments of 18 in one plane,
and the other plane was accessed by rotating the arc of different incident angles
azimuthally in steps of 58. Data on the receptive field are thus most densely sampled in the
centre of the visual field. The ray-tracing program was written in Pascal (Metrowerks
CodeWarrior), and the response data were plotted by using Mathworks MATLAB with
cubic-spline interpolation.
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In the ‘dance language’ of honeybees1,2, the dancer generates a
specific, coded message that describes the direction and distance
from the hive of a new food source, and this message is displaced
in both space and time from the dancer’s discovery of that source.
Karl von Frisch concluded that bees ‘recruited’ by this dance used
the information encoded in it to guide them directly to the
remote food source, and this Nobel Prize-winning discovery
revealed the most sophisticated example of non-primate com-
munication that we know of3,4. In spite of some initial scepti-
cism5–9, almost all biologists are now convinced that von Frisch
was correct3,4,10–14, but what has hitherto been lacking is a
quantitative description of how effectively recruits translate the
code in the dance into flight to their destinations. Using harmo-
nic radar15–17 to record the actual flight paths of recruited bees, we
now provide that description.

There have been some important advances since von Frisch’s
original experiments, and it has been believed for some time that the
honeybee communication system does not instantly specify a food
location to the recruits, without any hesitancy and with pinpoint
accuracy18. In fact, detailed observations have shown that recruits
may go through several iterations of dance session and resultant
search flight before they eventually arrive at the indicated food
source, and some never find the food at all3,19–21. The current
interpretation of the von Frisch hypothesis thus predicts that
newly recruited bees should fly directly from the hive to the vicinity
of a food source, and then proceed to search for its exact location
using odour and other cues2. This searching period would neatly
account for the fact that the arrival of recruits at the source is often

very much later than would be expected for a direct flight between
the hive and food source—the anomaly that caused the initial
scepticism about the hypothesis.

We began our experiments by capturing recruited bees as they left
our observation hive, attaching a harmonic transponder, and then
releasing them. The hive was not equipped to make quantitative
measurements of individual dance angles or frequencies, but we
observed that, at any given time, the dances of bees that had been
previously recorded at the feeder were almost all aligned about a
common direction. At midday this direction was at about 908 to the
vertical, and this confirmed our expectation that the bees were
feeding exclusively at our artificial feeder that lay 200 m directly east
of the hive, and that it was to this food source that the waggle dances
referred. Neither the feed nor the feeder station itself carried any
artificial scents at any time.

Most recruited bees released from the hive almost immediately
undertook a straight flight of direction and length that brought
them directly into the vicinity of the feeder, as shown by the 19
flight paths from the hive in the upper part of Fig. 1. Figure 2a
demonstrates that the mean direction of these flights lay impress-
ively close to the hive-to-feeder direction for the first 200 m or so
but, in spite of this, only two of the recruits actually found and
alighted on the feeder. This was not a surprising result, given that
similar low rates of success in finding unscented feeders have been
found in conventional studies of recruit flight22. At the end of their
straight outward flights, some recruits promptly initiated fairly
direct return flights to the hive, but more usually they engaged in
what appeared to be local searching manoeuvres for several minutes.
It was noticeable that searching bees occasionally passed within just a
few metres of the feeder without finding it, and in a few cases, searches
lasted as long as 20 min, taking recruits as far as 200 m from the feeder
location. These bees often returned to the point at which they had
begun their searching behaviour before flying back to the hive, but
fairly direct homeward flights from other points were also seen.

In a parallel experiment, recruited bees captured leaving the hive
were taken to three release points 200–250 m away, and then

Figure 1 Flight paths of bees leaving the hive or other release points, after they had

followed a waggle dance. Initial flight paths of 19 recruits leaving the hive (individual

tracks in different colours) and of 17 recruits taken to locations southwest of the hive

(different colour for each release point) before being released. The majority flew very close

to the hive-to-feeder direction (908), irrespective of where they were released. The tracks

were truncated where they deviated by more than 908 from the hive-to-feeder direction

over a track distance of more than 8m, and this gave a mean length of 206 ^ 53m (s.d.)

for hive-released bees, and 188 ^ 94m for the displaced bees. The corresponding

straightness ratios (start–end point separation/track length) were 0.89 ^ 0.07 and

0.82 ^ 0.08. The end-point scatter of the hive-released recruits (inset) illustrates the

imprecision of the dance communication/flight navigation system, but the close proximity

of the mean end point (green diamond) to the feeder (red triangle) shows that, on average,

the system is remarkably accurate.
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