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Photonic engineering

Aphrodite’s
iridescence
he most intense colours displayed in
nature result from either multilayer
reflectors or linear diffraction gratings1–3. Here we investigate the spectacular
iridescence of a spine (notoseta) from the
sea mouse Aphrodita sp. (Polychaeta:
Aphroditidae). The spine normally appears
to be deep red in colour, but when light is
incident perpendicular to the axis of the
spine, different colours are seen as stripes
running parallel to the axis of the spine;
over a range of smaller incident angles, the
complete visible spectrum is reflected with
a reflectivity of 100% to the human eye. The
simple structure responsible for this effect is
a remarkable example of photonic engineering by a living organism.
Photonics is a branch of optics that concerns the control of photons, much as electronics depends on electrons, and photonic
structures have been described in butterfly
wings4. The sea mouse has iridescent spines
situated at the base of the dorsal surface,
where they can be viewed laterally, with
less strongly coloured threads being seen
more readily from above (see http://
www.physics.usyd.edu.au/~nicolae/submitted.html). The biological function of the
iridescence is unknown, but it may be related to species recognition or to courtship.
We prepared a spine with strong
reflectance in the red for electron microscopy
by mounting it in resin and slicing it with a
microtome into sections transverse to the
long axis. These sections were of constant
thickness and were mounted on grids for
transmission microscopy.
The micrograph in Fig. 1a shows an array
of hollow cylinders, with the long axis of the
cylinders along the spine. The image is of the
wall region of the spine, the centre of the
spine being hollow. The hollow cylinders
have thicker walls near the edge of the spine,
possibly for mechanical rigidity, but after a
few layers their wall thickness decreases to a
constant value. The cylinders are closepacked, with each cylinder having six nearest
neighbours. The spacing of adjacent layers of
cylinders is 0.51 mm, and remains constant
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throughout the wall cross-section, which
contains 88 layers of close-packed voids. The
cylinder walls are made of pure a-chitin5,6
(refractive index, 1.54; ref. 2).
To calculate the expected optical properties of the spine, we used a formulation
for layered stacks of cylinder gratings7.
Figure 1c shows the reflectance of a 500-layer
stack of gratings with period d40.51 mm,
for radiation incident in the plane of Fig. 1a,
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with its electric vector perpendicular to the
plane (E||). The grating consists of hexagonally packed cylindrical holes of radius
a40.2 mm, filled with sea water (refractive
index, 1.33), in a matrix of chitin. The bulk
reflectance of chitin immersed in sea water is
0.54%, so the strong reflectance evident in
Fig. 1c can only be achieved through the
coherent stacking of scores of layers to form
the crystal shown in Fig. 1a. Were the layers
to be of irregular separation or composition,
the peak reflectance for a given number of
layers would be much lower7 and the iridescence less pronounced.
We calculated the total reflectance of
this structure, for normal incidence, for
free-space wavelengths in the visible spectrum (from 0.4 to 0.7 mm). Figure 1c shows
a strong maximum in reflectance around
the wavelength l40.633 mm. To investigate the origin of this narrow-band
reflectance, we calculated the photonic
band diagram, which gives the frequencies
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Figure 1 Structure and optical properties of a sea mouse hair from Palm Beach, New South Wales, Australia. a, Electron micrograph of a
section of the spine (the dark regions are chitin). b, E|| polarization photonic band structure for a hexagonal crystal of voids in chitin, near
the four-fold degenerate point on the G-axis (dashed lines indicate a partial band gap). G, M and K are the corners of the irreducible part
of the first Brillouin zone; k is the free space wavenumber. c, E|| polarization total reflectance for normally incident radiation for a hexagonal structure having 500 layers of voids in chitin (dashed lines indicate the partial bandgap of b). Reflectance measurements using a
Zeiss MMS spectrometer confirm a 100% reflectance in the red.
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brief communications
of light waves able to propagate freely in
the structure, for the hexagonal array of
voids (presumably water-filled) in a chitin
matrix. This is shown in Fig. 1b for E||
polarization, indicating that the region of
enhanced reflectance in the red for the
spine corresponds exactly to a partial
photonic bandgap of the hexagonal structure (in the range G–M) — a circumstance
in which light cannot propagate in a narrow
range of wavelengths in the structure. Note
that for H|| polarization of incident radiation with the magnetic vector perpendicular to the plane of Fig. 1a, reflectance is
similarly enhanced in the red, although
there is not a clear-cut partial bandgap.
We have seen that the sea mouse achieves
brilliant narrow-band coloration of its spines
through a remarkable piece of photonic
engineering. The regularity of the structure
shown in Fig. 1a and the strong narrow-band
reflectance shown in Fig. 1c suggest that
growing optical filters by molecular selfassembly is a technological goal worth pursuing. These structures may have application
in photonic communications, where there is
much interest in fabricating photonic crystal
fibres8 with similar morphology to that
shown in Fig. 1a in order to improve bandwidth and nonlinear properties.
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Oceanography

Vertical mixing in
the ocean
he thermohaline circulation of the
ocean results primarily from downwelling at sites in the Nordic and
Labrador Seas and upwelling throughout
the rest of the ocean. The latter is often
described as being due to breaking internal
waves. Here we reconcile the difference
between theoretical and observed estimates
of vertical mixing in the deep ocean by presenting a revised view of the thermohaline
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circulation, which allows for additional
upwelling in the Southern Ocean and the
separation of the North Atlantic Deep Water
cell from the Antarctic Bottom Water cell.
The changes also mean that much less wind
and tidal energy needs to be dissipated in
the deep ocean than was originally thought.
Previous calculations of vertical mixing
based on the stratification of the deep
ocean1,2 assumed that a flux of 25 or 30
sverdrups (Sv) of water, made up of both
deep and bottom waters, is injected at
depths of about 4,000 metres and mixed
upwards to depths near 1,000 m by turbulent mixing. Both reports conclude that the
spatially averaged diapycnal (cross-density
surface) mixing coefficient is 1014 m2 s11.
However, observations of turbulence3
and dye diffusion4 in the deep ocean indicate that there exists a background diapycnal diffusivity of only 1015 m2 s11, although
much larger values are found in localized
regions near rough topography 5. The background value is consistent with mixing due
to the background internal wave field, and
the larger values are consistent with extra
internal waves due to the interaction of currents with topography.
But it is not obvious that the latter is
enough to raise diffusivity by an order of
magnitude when averaged over the whole
ocean. The extra power required to do this
is also large6. If the efficiency is 20%, which
is normally considered a maximum for the
final stage of breaking internal waves, then
the power required is 2.1 terawatts. This is
just possible, given current estimates of the
energy input from the wind and tides, but
this figure does not allow for losses at other
stages in the conversion process.
A contrasting view of the thermohaline
circulation has come from low-resolution7
and high-resolution8 computer model studies of the ocean circulation. These show that
between 9 and 12 Sv of deep water is
brought to the surface by Ekman suction in
the Southern Ocean. This is driven northwards in the surface Ekman layer and is
reduced in density primarily by surface
freshening. The model results also emphasize earlier observations9 that in the primary
regions of bottom-water formation around
Antarctica, the near-surface water masses
have the same density as North Atlantic
deep water. It is therefore not necessary for
the bottom water to be mixed through the
whole depth of the water column, only up to
the level of the deep waters.
Using this new view of the thermohaline
circulation, we need only consider the vertical mixing of the main deep-water mass,
North Atlantic Deep Water, whose flux is
estimated to lie between 14 and 17 Sv (ref.
10). Taking the larger of these two values
and the smaller of the two model-based
estimates of upwelling leaves a maximum of
8 Sv to be mixed vertically within the ocean.
© 2001 Macmillan Magazines Ltd

The 1015 m2 s11 background term can
upwell 3 Sv, leaving 5 Sv to be upwelled by
localized regions of intense mixing. If this
view is correct, then the vertical mixing
coefficient, averaged over the whole ocean,
is less than 321015 m2 s11 and, assuming
20% efficiency, the total amount of extra
energy required is less than 0.6 terawatts.
The revised values are consistent with
existing observations of mixing within the
ocean. They also emphasize again the
importance of the Southern Ocean and
imply that although further research is
needed on the localized mixing in the deep
ocean, such mixing does not control the
thermohaline circulation.
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Antibiotic resistance

How wild are wild
mammals?
n bacteria associated with humans,
antimicrobial resistance is common, both
in clinical isolates and in the less-studied
commensal flora, and it is thought that
commensal and environmental bacteria
might be a hidden reservoir of resistance.
Gilliver et al. have reported that resistance is
also prevalent in faecal bacteria from wild
rodents living in northwest England1. Here
we test the faeces of moose, deer and vole in
Finland and find an almost complete
absence of resistance in enterobacteria.
Resistance is thus not a universal property
of enterobacterial populations, but may be a
result of the human use of antibiotics.
Bacterial resistance to antimicrobial
agents has become a serious problem in
modern medicine and a debated evolutionary question2. The use — and misuse — of
antibiotics is generally blamed, but it has
also been claimed that there must be other
reasons for the increase in resistance3. This
question is important: if resistance increases
independently of antibiotic use, restrictive
policies would be unnecessary. One way to
test the effect of human activities is to compare the resistance frequencies of popula-
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