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From the
Lead Scientist
FOR MORE THAN TWO DECADES, the Prime Minister’s Prizes for Science –
Australia’s most prestigious awards for achievement in scientific research,
research-based innovation and excellence in science teaching – have been
celebrated in the Great Hall of Parliament House. This year, it was a digitalonly event that invited the world to a party where the guests of honour are
scientists, innovators and teachers.
It was my great pleasure to host the Prizes again. And never have these
groups deserved a party more: the scientists who worked around the clock
to understand a new contagion; industry that retooled, seemingly overnight,
to ensure we have respirators in abundance; and educators who moved the
nation’s millions of students entirely online, some in just a single weekend.
Prize recipients included those who developed new treatments for
blood cancers; turned waste products into valuable new chemicals; invented
polymers to clean up oil spills; inspired hands-on learning with students
by building a solar-power car that has driven 1000km over the Nullarbor
(twice!); to people whose careers have been spent creating networks of
STEM teachers who can share precisely those kinds of ideas. And, of course,
those helping humanity answer Einstein’s long-held prediction of ripples in
spacetime, or gravitational waves, seen from colliding blackholes.
The Prime Minister’s Prizes for Science were able to celebrate this
precisely because of what science has created – online tools and technologies,
and the promise of normalcy from a hoped-for vaccine. Perversely, the
university sector has this year shed thousands of jobs, a catastrophe to those
teachers and their students, and an impoverishing of our nation’s research
capacity. It’s only by supporting and investing in scientific research,
innovation and education that we’ll see Australia emerge from the pandemic
a stronger, smarter and safer nation.
And that would be something worth celebrating.

ALAN DUFFY, Lead Scientist at The Royal Institution of Australia

BEHIND THE
SCENES THIS ISSUE
Hobart-based writer Andrew Bain’s
story about the Australian Antarctic
Division’s krill and blue-whale research
(page 72) is his second piece for the
magazine this year. Bain (left) and krill
specialist Rob King spent a spring
morning chatting at the AAD krill lab,
site of the world’s largest krill aquarium
and its greatest source of krill puns.
Remember: electricity krills.
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From the Editors
Humans’ relationship with the ocean and its denizens is complex: exciting, and
dangerous, seductive and confronting. To celebrate the Australian season of saltwater
swimming, we’ve dived right in for a fisheye view.
First among story equals, novelist James Bradley takes us through the fascinating
research pointing to fish cognition, and considers our relationship with fishes. Bradley’s
piece is the first of four in a series called “New ways of seeing”, in which writers better
known for literature consider an aspect of science. We’re grateful to the Copyright
Agency Ltd (CAL), for their grant to allow us to produce these pieces, and look forward
to exploring scientific spaces from an unusual perspective in future issues.
We stick with ocean research from the tropics to the Southern Ocean, through Pat
Sheil’s look at the proposed Proteus underwater station in the Caribbean – brainchild
of Jacques Cousteau’s grandson Fabien – and Andrew Bain’s report on the charm and
importance of Antarctic krill. Topping it off with a touch of fish physics, fluid mechanist
Sophie Calabretto explains ocean motion and the turbulent reasons why (many) sharks
are so fast and agile.
Away from the briny, Genevieve Bell’s thought-provoking considerations of cyberphysical systems and the Fourth Industrial Revolution speak to the value of lifelong
learning, and of how considering the right questions to ask likely outstrips knowing all
the answers. Turning to space, Bianca Nogrady talks to the new generation of Australian
satellite builders and pops the payload hatch on the fabulously nifty CubeSats they’re
launching. And looking into the astral distance, Jessie Ferrari and Duane Hamacher
continue our series on Indigenous astronomy, this issue sharing stories from language
groups in southeastern, central and far northern Australia.
To round it out, Annamaria Talas considers the role of taste in human evolution, and
Toby Hendy reveals what mathematicians think about when they take a walk. If you’re
hungry for more science, check in daily at cosmosmagazine.com.
Best from the whole editorial team for a safe, ocean-washed summer.

GAIL MACCALLUM , Editor
IAN CONNELLAN, Editor-in-Chief
contribute@cosmosmagazine.com
Issue 89 COSMOS – 7
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OSIRIS-REx’s landing
site on asteroid Bennu
(bottom right). The
TAGSAM (below) fired
compressed nitrogen
into the surface and
successfully collected
and stored the sample
in its collection chamber
(bottom left, in colour).
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SPACE

Cheers as spacecraft tags asteroid
OSIRIS-REx touches down for a sample of Bennu.

I

noting that the emotion of the
success “is almost hard to process…
Everything went just exactly perfect”.
In the minutes leading up to the
landing, the spacecraft used its 28
thrusters to inch toward the landing
zone and match velocity with the
asteroid’s rotation, eventually touching
down 1.7 metres from its target with
a vertical velocity of 10.2 centimetres
per second and a lateral drift of a mere
0.2 millimetres per second.
Such slow speeds are necessary
because Bennu is so tiny – 490
metres across – that its surface
gravity is only 1/100,000th that of
Earth’s. “Everything kind of happens
in slow motion when you’re acting
in a microgravity environment like
Bennu,” Lauretta says.
Navigation also was tricky.
Not only did it have to be done
automatically, since the asteroid

is so far away that it takes more
than 18 minutes for radio signals
to travel there from Earth, but the
jagged boulders that needed to be
dodged meant it couldn’t be done
by the type of radar navigation
conventionally used for such
landings. Instead, it had to be
done optically, with the spacecraft
repeatedly calculating its position
by taking images of surface features
and comparing them to extremely
high-resolution maps of the
asteroid’s surface.
NASA says the sampler collected
so much material that a flap intended
to seal the collection chamber
couldn’t close; it had to expedite its
process of stowing the sample away
onboard before too much precious
material escaped into space.
Spacecraft and samples are due
back on Earth in 2023.

NASA/GODDARD/UNIVERSITY OF ARIZONA

n a brief moment that its principal
scientist Dante Lauretta described
as “transcendental”, NASA’s OSIRISREx spacecraft successfully played
tag with an asteroid on 21 October.
The manoeuvre, officially
called TAG (touch-and-go), saw the
spacecraft touch down perfectly in
one of the few safe landing zones on
asteroid 101955 Bennu, 300 million
kilometres from Earth.
It then activated its sample
collection mechanism and safely
backed away, without hitting any of
the dangerous boulders flanking the
tiny collection site, whose safe zone
was a mere eight metres in diameter.
“I can’t believe we actually
pulled this off,” Lauretta said as the
control centre exploded in cheers and
pantomimed high-fives.
“The spacecraft did everything
it was supposed to do,” he added,

Issue 89 COSMOS – 9
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EARTH

66 million years of change uncovered
from ocean sediments.

C

limate scientists have
compiled the first
continuous, high-fidelity
record of variations in Earth’s
climate extending back 66 million
years to the time of the last great
extinction.
The global “reference curve”
highlights four distinct climatic
states and the natural million- and
thousand-year variability that
Earth’s climate has experienced.
It brings together research
from 12 international laboratories
using sample material from the

also have a better understanding
of the underlying dynamics,”
says Thomas Westerhold from
Germany’s University of Bremen,
first author of a paper in the
journal Science.
The rough framework of the
curve has existed since 2001, the
researchers say, but climate records
from new sediment cores have
improved greatly in recent years.
In particular, some recent drilling
has specifically targeted geological
strata older than 34 million years.
The team examined evidence

ocean floor collected over more
than five decades of scientific
drilling expeditions by the
International Ocean Discovery
Program and its predecessors.
The resulting colourful barcode
– officially called CENOGRID
(CENOzoic Global Reference
benthic foraminifera carbon
and oxygen Isotope Dataset) –
provides a snapshot of past climate
change, the researchers say, and a
possible guide to the future.
“We now know more
accurately when it was warmer
or colder on the planet and we

preserved in oxygen and carbon
isotopes, which provides
information about the past deepsea temperatures, global ice
volumes and the carbon cycle.
These clues are stored in the shells
of microorganisms that once lived
on the sea floor.
They then used advanced
mathematical analysis to identify
the four climatic states they
call Hothouse, Warmhouse,
Coolhouse and Icehouse,
which are recognised by the
characteristic pattern of their
climate variability.
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IT HAPPENED
IN JUST A FEW
ZEPTOSECONDS
Physicists measure the
shortest unit of time.
German physicists say they have
measured the shortest unit of
time ever – 247 zeptoseconds.
That’s 247 trillionths of a
billionth of a second (20 zeroes
after the decimal point) and it’s
the time it takes for a photon to
cross a hydrogen molecule, the
team from Frankfurt’s Goethe
University reports in Science.
It’s not the first time
we’ve been in this rarefied
neighbourhood. In 2016,
researchers led by Germany’s
Max Planck Institute revealed
that the electron emission
from helium atoms takes 856
zeptoseconds.
Reinhard Dörner’s team has
raised the bar, however, working
with the accelerator facility
DESY in Hamburg and the FritzHaber-Institute in Berlin.
They carried out the time
measurement on a hydrogen
molecule that they irradiated
with X-rays from the synchrotron
lightsource PETRA III at DESY.
“The proposed technique
is generally applicable to more
complex systems, and further
studies are necessary to support
this interpretation,” they write.

JUN XIA, UNIVERSITY AT BUFFALO, SVEN GRUNDMANN, GOETHE UNIVERSITY

A barcode of Earth’s
climatic past

PHYSICS
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Yes,
megalodons
were really
big
Researchers confirm gigantism
of the extinct species.

T

KENSHU SHIMADA, DEPAUL UNIVERSITY

he megalodon (Otodus
megalodon) has a longstanding reputation as
one of the largest sharks to have
roamed the oceans.
US researchers have now
confirmed this, suggesting it
grew up to 15 metres in length.
That’s on a par with the extant
current record holder, the whale
shark (Rhincodon typus).
“For animals and especially
sharks, their body size affects
the range of travelling distances,
predation risk, energy storage
capacity and the extension of
heat retention,” the researchers
write in the journal Historical
Biology.
“That may have in turn
influenced their life history and
behavioural strategies, tolerance
level to extreme environmental
conditions, predatory successes
and mortality risks.”
O. megalodon lived around
15 to 3.6 million years ago,
and fossil remains have been

found along the coastlines
and continental shelf regions
of all continents except
Antarctica. It sat at the top
of the food chain and fed on
other large marine animals like
whales and dolphins.
The shark group named
Lamniformes, to which O.
megalodon belongs, is well
represented in the late MesozoicCenozoic fossil record, but its
biology is poorly understood
because most fossils are of teeth.
In the new study, the
researchers used tooth, jaw and
definition measurements from
present-day non-planktivorous
Lamniformes to formulate an

O. megalodon lived around 15 to 3.6 mya
million years ago, and fossil remains
have been found along the coastlines and
continental shelf regions of all continents
except Antarctica.

Schematic
showing
distribution
of maximum
possible
sizes of all 70
known nonplanktivorous
genera in the
shark order
Lamniformes,
comprising
modern
(in grey)
and extinct
(black, with
hypothetical
silhouettes)
members in
comparison
with an average
adult human
(red) as scale.

equation that would allow an
estimation of body length.
They demonstrated that the
megalodon is an outlier because
all other non-planktivorous
sharks have a general size limit
of seven metres. Only a few
plankton-eating sharks came
close to its size.
As for how the megalodons
became so big, the researchers
suggest a combination of livebirth and cannibalistic egg-eating
among early-hatched embryos
may have led to larger sizes inside
their mother.
“The increased physiological
demands by embryos that grew
to be sizeable lengths would
have required the mother to
feed more actively and possibly
triggered certain species
to evolve endothermy,” the
researchers write.
Mature males would have
also needed to stay close to the
size of mature females to ensure
successful fertilisation.
Issue 89 COSMOS – 11

FOCUS: NATURE
01
An octopus can “taste by touch” thanks
to suction-cup-like suckers along each
of its tentacles. But how does that work?
Researchers have found that a novel family
of sensors in the first layer of cells inside
the cups has adapted to react and detect
molecules that don’t dissolve well in water.

02
Birds can fly easily in high winds, and now
Lily the British barn owl has revealed why.
Using high-speed, video-based 3D surface
reconstruction, computed tomography
scans, and computational fluid dynamics,
a team of engineers and veterinarians
discovered that she “rejected” gusts
through wing morphing – changing the
shape and posture of her wings.

03
Honeybees can be trained
to favour specific crops. In
a process similar to letting a
dog sniff an item to pick up a
scent, Argentinian researchers
fed them food with odours
that mimicked sunflowers
then monitored their foraging
behaviours. They learned to
visit sunflowers more often,
and brought back more pollen.

07
The fur of Australia’s unique
platypus glows green under
ultraviolet light, so it joins an
elite club that includes flying
squirrels and opossums. It
is the first observation of
biofluorescence in an egglaying mammal (monotreme),
suggesting, the researchers
say, that this trait may not be
as rare as previously thought.

06
The diabolical ironclad beetle can
endure an applied force at least
39,000 times its body weight before
its exoskeleton begins to fracture. Its
secret, researchers have discovered,
is a connective suture designed
much like a jigsaw puzzle that helps
distribute an applied force more
evenly throughout the body.

04
The number of tentacles, or arms, that a sea
anemone has depends on how much food it has
eaten, researchers have discovered. The genetic
code may determine how many legs humans
have, but for predatory marine animals of the
order Actiniaria it’s all about consumption. And
it continues throughout their lives.

05
Black imported fire ants have
been seen using an unlikely tool
to avoid drowning when foraging
for liquid food. Researchers from
China and the US say they create
a sand structure that acts as a
siphon, drawing liquid food out
of a container instead of directly
foraging on the water’s surface.

www.cosmosmagazine.com/nature/ 01 animals/taste-by-touch-is-all-in-the-suckers 02 birds/wind-thats-barely-a-breeze
03 animals/flight-of-the-sniffer-bees 04 marinelife/when-sea-anemones-behave-like-plants 05 animals/how-some-ants-feed-without-drowning
06 animals/diabolical-design-is-a-puzzle 07 animals/tricks-with-and-without-light
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PHYSICISTS
PROPOSE THE
TOP SPEED OF
SOUND

RYAN CARNEY, UNIVERSITY OF SOUTH FLORIDA HELMUT TISCHLINGER, AALTO UNIVERSITY

Calculations build
on two well-known
physical constants.
The fastest possible speed of
sound is around 36 kilometres
per second, according to British
and Russian physicists.
That’s around a hundred
times faster than its speed
through the air in normal
circumstances, and around
twice as fast as in diamond,
the hardest known material
in the world.
Sound is known to travel
at different speeds through
different materials (and more
quickly through solids than
liquids or gases) but it has not
been clear whether there is an
upper limit.
The researchers from Queen
Mary University of London, the
University of Cambridge and
the Institute for High Pressure
Physics in Troitsk put their
number on it in a paper in the
journal Science Advances.
Of course, it’s still well
short of 300,000 kilometres
per second – the speed of light
and, according to Einstein, the
absolute limit at which a wave
can travel.

Archaeopteryx fossil with reconstructed feather.
PALAEONTOLOGY

Scientists argue
origins of a famous
feather
New study suggests the old theory is right after all.

I

t’s not yet a war of words, but an
interesting debate is brewing
over the origins of the first fossil
feather ever found.
Unearthed in the Solnhofen
area of southern Germany in
1861, it has been taken to come
from Archaeopteryx, the famous
bird-like dinosaur.
There has always been doubt,
however, and last year researchers
led by the University of Hong
Kong suggested in Scientific
Reports that the theory is wrong.
Not so fast, says a team led
by the University of Southern
Florida. In a recent paper in the
same journal, it suggests its work
provides substantial evidence that
the feather does indeed belong to
Archaeopteryx.

The Hong Kong team used
an imaging technique called
laser-stimulated fluorescence and
this, it says, not only revealed a
previously unseen mystery quill
but also indicated that the feather
came from an unknown but
different feathered dinosaur.
The new study employed
a specialised type of electron
microscope and the researchers
say analysis of nine attributes of
the feather, data from modern
birds, and 13 known skeletal
fossils of Archaeopteryx show
that the top surface of an
Archaeopteryx wing has primary
coverts that are identical to the
isolated feather in size and shape.
We await a possible next
chapter.
Issue 89 COSMOS – 13

DIGEST

TECHNOLOGY

A scientific guide
to Western art
Information theory reveals some interesting patterns.

A mathematical
view of Claude
Lorrain’s
1648 painting
“Seaport
with the
Embarkation of
the Queen of
Sheba”.
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A

unique collaboration
between physicists,
data scientists and
art historians has provided
a fresh look at 500 years of
art history.
The international team
statistically analysed 14,912
landscape paintings in an
attempt to quantify their design
principles. This revealed not
only that composition patterns
have evolved, but also that they
characterise individual artists
and artistic styles.
“Understanding how
artistic expressions and
design principles have changed
over time is a central question
in art history, aesthetics,

and cultural evolution,” the
researchers explain in a paper in
the journal PNAS.
They analysed digital scans
of the paintings – covering
the Western renaissance to
contemporary art – using an
image dissection methodology,
informed by information theory,
to divide paintings into vertical
and horizontal segments from

the most-to-least prominent
compositional features.
Horizontal segments included
elements such as the sky, earth
and atmospheric colour changes,
while vertical segments included
trees, plants, cliffs and buildings.
Interestingly, the study found
that the positioning of these
segments evolved.
Horizons, for example, have
migrated upwards over the last
few centuries. The skies in 17th
century Baroque art frequently
dominated the landscape, but
during the Rococo and Romantic
periods, the horizon moved up to
around the midline of paintings.
By the time the Realism
and Impressionism periods
rolled around, the horizon was
positioned primarily in the upper
third of the canvas.
Dissecting paintings in this
quantitative way, the researchers
explain, can “capture the unique
compositional characteristics and
systematic evolution of individual
artist’s bodies of work, creation
date time spans, and conventional
style periods”.
But there is still plenty of
scope to build on the study.
“Although the dataset used in
this study includes some Japanese
and Chinese landscape paintings,
our dataset mainly focuses on
paintings by European artists,”
the authors acknowledge –
creating a bias in terms of both
gender and geography.
The researchers believe their
approach could be applied to other
art forms – such as photography,
film, typography and architecture
– to reveal patterns not readily
discernible to the individual eye.

“Understanding how artistic expressions
and design principles have changed over
time is a central question in art history,
aesthetics and cultural evolution.”
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IT’S CONFIRMED:
THERE IS WATER
ON THE MOON

(MOON) NURPHOTO/GETTY IMAGES. MARTIN BRANDT

Flying telescope
detects unique spectral
signature.
US researchers have presented
the first unambiguous evidence
of molecular water on the Moon
– and it could be more abundant
than previously thought. Their
findings are presented in two
papers in the journal Nature
Astronomy.
The Moon was long thought
to be a dry and hostile place, but
ideas have been changing over
the past 15 years.
Three independent
spacecraft have detected signs
of hydration on the Moon,
although it was unclear whether
these came from molecular water
or other hydroxyl compounds
bound in minerals. In one of the
new studies, a team led by the
University of Hawaii used SOFIA
– a NASA infrared telescope
aboard a 747 plane – to directly
detect the unique spectral
signature of H2O at wavelengths
of six micrometres, not shared by
any other hydroxyl compound.
They found that at the
Moon’s southern latitudes,
individual water molecules are
found in abundances of 100 to
400 parts per million. This is four
times larger than measured in
lunar soil samples in the lab.
But it’s still a comparatively
small amount, notes Alan Duffy,
from Swinburne University and
our Lead Scientist. “To fill a litre
bottle with Moon water you’d
need about 10 tonnes of lunar
soil, or regolith, so it still makes
the Sahara look waterlogged
by comparison.”

Sahara actually has
quite a few trees
Satellite imaging and deep learning provide
clearer picture.

T

here are more than 1.8
billion trees and shrubs
in the Sahara and Sahel
regions of West Africa, a new
study has revealed.
While the overall tree
cover is low, the researchers
found that the number of
individual trees is relatively high,
and they have an average crown
size of 12 square metres.
“One would not expect
that many trees in the Sahara
Desert, which people imagine
as only sand dunes and stones,”
says Martin Brandt from the
University of Copenhagen, lead
author of a paper in Nature. “But
there are actually areas with a
relatively high tree density...”
Until now, satellite images
haven’t been able to detect single
trees outside forests, so maps just
show white spots.
However, using deep learning
techniques and high-resolution
images, the team of 24 scientists
from Europe, the US and Africa
was able to record every tree

more than three square metres
in size over 1.3 million square
kilometres, spanning a rainfall
gradient from zero to 1000
millimetres per year.
Over 12 months, Brandt
labelled many trees by hand to
teach the computer what they
look like, and the resulting
algorithm scanned more than
11,000 satellite images. If any
trees were misclassified, he added
further training.
As well as assessing tree
density and crown size, the
analysis linked these with rainfall
and land use, finding the greatest
density and cover at about 400
millimetres of annual rainfall.
The results upend previous
assessments, most of which
mapped zero tree cover due
to lack of closed canopies and
exclusion of non-forest trees, the
authors note. And their study’s
numbers are underestimates,
they suggest, because the analysis
excluded trees or shrubs with
small canopies.
Issue 89 COSMOS – 15
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Finger vessel
images from
eight different
subjects.
Colours
represent
different
depths.

Plastic boats
floating above
and below a
levitating liquid
layer.

PHYSICS

TURNING
BUOYANCY
ON ITS HEAD

MEDICINE

I’d know those finger
veins anywhere
Researchers up the ante on biometric authentication.

R

esearchers at the
University of Buffalo, US,
have developed a 3D finger
vein biometric authentication
method they suggest raises
the bar for secure ID and
authentication.
“Since no two people have
exactly the same 3D vein
pattern, faking a vein biometric
authentication would require
creating an exact 3D replica of
a person’s finger veins, which is
basically not possible,” says Jun
Xia, lead author of the team’s
paper in Applied Optics.
The idea is not completely
new; systems have been
developed using 2D images
of finger veins. But these are
limited by conventional imaging
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and tissue-light scattering, the
authors suggest.
To go to 3D, they turned to
photoacoustic tomography, an
imaging technique that combines
light and sound.
Light from a laser illuminates
the finger. If the light hits a vein,
it creates a sound much in the
same way that a grill creates a
“poof” sound when it is lit. The
system then detects that sound
with an ultrasound detector and
uses it to reconstruct a 3D image
of the veins.
The researchers tested their
new system with 36 people by
imaging all eight fingers and
report that it correctly accepted
or rejected an identity 99% of the
time.

French researchers have
seemingly inverted gravity by
making tiny plastic boats float
on the underside of a levitating
layer of liquid. They explained
how in a paper in Nature.
When placed above
a less-dense medium, such
as air, liquids fall with gravity
due to a destabilising effect
called the Rayleigh–Taylor
instability. However, this can
be overcome by vibrating
a container vertically; the
movement keeps the bottom of
the liquid layer flat, preventing
drops from forming.
The result is a levitating
liquid layer unable to fall, and
an air layer beneath which is
compressed, but unable to rise.
This is not a new phenomenon,
but until now no-one has studied
how it affects buoyancy on the
bottom interface.
Using small model boats
and plastic balls, Benjamin
Apffel from ESPCI Paris and
colleagues revealed that this
vertical shaking also causes
buoyancy to flip at the lower
surface of the levitated liquid.

THOMAS WESTERHOLD, BENJAMIN APFFEL ET AL., NATUR

French researchers
have floated boats
“upside down” on
liquid.

DIGEST

HISTORY

Newton’s
masterwork still
going strong

CALIFORNIA INSTITUTE OF TECHNOLOGY

Science detectives find
new old copies of the
Principia.

H

ow many first-edition
copies of Isaac Newton’s
ground-breaking book
Philosophiae Naturalis Principia
Mathematica are still on
bookshelves around the world?
Probably more than you think,
and certainly more than the last
best guess. A census published in

1953 identified 187 copies, but
a new hunt described in Annals
of Science puts the number at a
“preliminary” 387 with up to 200
more likely still undocumented in
public and private collections.
Analysis of ownership marks,
margin notes and related letters
also leads them to suggest that
the Principia, once thought to
be reserved for a select group
of expert mathematicians, was
actually more widely read and
comprehended.

At least 600
copies of
Principia’s first
edition were
printed. Copies
can fetch from
US$300,000 to
10 times that
amount.

“One of the realisations we’ve
had,” says Mordechai Feingold
from California Institute of
Technology, US, “is that the
transmission of the book and its
ideas was far quicker and more
open than we assumed.”
Feingold and former
student Andrej Svorenčík, now
at Germany’s University of
Mannheim, spent more than a
decade tracing copies around the
world, finding “new” ones in 27
countries.

Banking shouldn’t
be rocket science.
Managing your ﬁnances can be daunting, but it
doesn’t need to be. Talk to one of our team today
and we’ll set you on the right trajectory.
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HONEY GOES
WITH THE FLOW
Clever coatings reverse
the rules of viscosity.

Electronic skin that
behaves like skin
New device mimics body’s feedback response.

R

esearchers at Australia’s
RMIT University have
developed prototype
electronic artificial skin that
senses and responds to pain just
like human skin.
It mimics the body’s nearinstant feedback response,
allowing it to react to painful
sensations with the same
speed that nerve signals are
transmitted to the brain.
Research leader Madhu
Bhaskaran says the pain-sensing
prototype is a significant
advance towards next-generation
biomedical technologies and
intelligent robotics.
“We’re sensing things all
the time through the skin, but
our pain response only kicks in
at a certain point, like when we
touch something too hot or too
sharp,” she says. “No electronic
technologies have been able to
realistically mimic that very
human feeling of pain until now.”
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The research, published in
the journal Advanced Intelligent
Systems and filed as a provisional
patent, combines three
technologies previously patented
by Bhaskaran’s team:
• stretchable electronics, which
combine oxide materials with
biocompatible silicon to deliver
transparent, unbreakable and
wearable electronics as thin as
a sticker
• self-modifying coatings 1000
times thinner than a human
hair, based on a material that
transforms in response to heat
• and electronic memory cells
that imitate the way the brain
uses long-term memory to
recall and retain previous
information.
The artificial skin incorporates
three different sensor types – for
touch, temperature and pain
– in soft electronics with brainmimicking electronics that control
thresholds (detection levels).

Water flows more quickly than
honey – usually. Physicists
in Finland have found that
in narrow tubes coated with
compounds that repel liquids,
the more viscous that liquid is,
the faster it flows.
In fact, they report in
Science Advances, glycerol,
which is a thousand times more
viscous than water, can flow 10
times faster.
The secret is a
superhydrophobic surface with
tiny bumps that trap air within
the coating, so that a liquid
droplet that rests on the surface
sits as if on a cushion of air.
When a droplet is confined
to one of the very narrow tubes
used in microfluidics, the coating
creates a small air gap between
the inside wall of the tube and the
outside of the droplet.
“What we found was that
when a droplet is confined to
a sealed superhydrophobic
capillary, the air gap around
the droplet is larger for more
viscous liquids,” says first
author Maja Vuckovac.
The speed at which fluids
flow through pipes is important
for a large range of applications,
from industrial processes to
biological systems.
ELLA MARU STUDIO, AALTO UNIVERSITY

A concept
image of
electronic
skin that can
sense touch,
pain, and
heat.
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I
Armadillo
lizard

These critters belong to a larger
family of armoured lizards native
to Sub-Saharan Africa, all highly
adapted to a rock-dwelling lifestyle.
O. cataphractus is endemic to the
Succulent Karoo biome on South
Africa’s western coast, a region that
harbours a third of the world’s 10,000
succulent species.
A 2015 study in the journal
African Zoology found that
the region’s varying
climate and its highly
seasonal rainfall likely
led the lizard to
develop a dependence
on its favourite
food, the southern
harvester termite
(Microhodotermes
viator). Though they also
eat insects, spiders and sometimes
plants, their termite preferences
enable them to survive the dry
summer seasons when other food
isn’t readily available.
Though their armour gives the
impression of toughness, it actually
slows the lizard down, and this –
coupled with its tendency to live
in large groups – makes it an easy
target for illegal wildlife collectors.

REPTILES4ALL/GETTY IMAGES

The cycle of life, death
and rebirth all rolled
into one.

n the spectacular, succulentrich deserts of South Africa, a
spiny socialite scampers across
sandstone outcrops and mountain
slopes. The armadillo girdled lizard
(Ouroborus cataphractus) is rarely
found without several of its family
and friends, and often lives in groups
of up to 60 individuals.
Such groups offer protection
from predators, but these
little party animals also
benefit from built-in
armour: bony plates
embedded in their
skin, forming
hard scales and
spines across their
backs and tails.
This has led the lizard
to develop an unusual
but useful defence behaviour:
when threatened, it rolls into a
ball and grips its tail in its mouth so
its soft underbelly is protected by
its armour.
This position resembles an
ourobouros: an ancient Egyptian icon
depicting a dragon or serpent eating
its own tail, symbolising the cycle of
life, death and rebirth – which earned
the lizard its scientific name.
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A missing part of the rock art gallery
Newly described images show human-animal relationships.
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red strokes as infill. Some are
more than 50 centimetres high.
The scenes depict humans
and macropods, including three
bilbies and a dugong, and lead
researcher Paul Taçon, from
Griffith University, suggests
the presence of various forms
of headdresses shows they are
not just simple depictions of
everyday life.
“Maliwawas are depicted
as solitary figures and as
part of group scenes showing
various activities and some
may have a ceremonial context,”
he says.

Maliwawa
macropod
over a “3MFC”
(3-middlefinger-closed)
hand stencil,
Namunidjbuk.
Top right:
Large male
Maliwawa
human figures
from an
Awunbarna site.

“Human figures are frequently
depicted with animals, especially
macropods, and these animalhuman relationships appear to be
central to the artists’ message.
“Indeed, animals are much
more common than in the
Dynamic Figure style rock art
in terms of percentage of subject
matter, as 89% of Dynamic
Figures are human, whereas only
about 42% of Maliwawa Figures
are human.”
Griffith colleague and
co-author Sally May says the
discovery of bilby images at an
Awunbarna site was surprising

P. TAÇON

A

rnhem Land rock art is
continuing to provide a
window into Australia’s
past, with scientists describing
572 previously unknown
images in a paper in the journal
Australian Archaeology.
The Maliwawa Figures,
which range in age from 6000 to
9400 years, were documented
across 87 sites from Awunbarna
(Mount Borradaile area) to the
Namunidjbuk Estate of the
Wellington Range in northwest
Arnhem Land.
The researchers suggest
they are a missing link between
early-style Dynamic Figures,
12,000 years in age, and
X-ray figures made in the past
4000 years.
The images were created in
various shades of red, with strokeinfill or outline forms and a few
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as Arnhem Land historically
has not been within their range.
The solitary dugong
painting, which is the oldest
known image, also appears
out of place. “It indicates a
Maliwawa artist visited the coast,
but the lack of other saltwater
fauna may suggest this was not a
frequent occurrence,” May says.
However, the intrigue of
the paintings goes beyond what
they depict, with researchers
curious about the artists and the
techniques they used.
“The Maliwawa back-to-back
figures are the oldest known for
western Arnhem Land and it
appears this painting convention
began with the Maliwawa style.
It continues to the present with
bark paintings and paintings on
paper,” Taçon says.
As for the people behind the
paintings, Taçon says they cannot
rule out the possibility that a
small group of artists produced
Maliwawa rock paintings.
There is also the possibility
that only a couple of artists
made the paintings, with one
responsible for the outline forms,
the other creating the fuller
stroke-line infill examples.

THEY’RE FOR RESEARCH…
Any more information will doubtless give it away. A number of these
items – each of slightly different design – was developed in the 1970s,
although their progenitors were being considered and tested in the early
1960s. In the late 1970s and early ’80s, they were attached to what was
considered some pretty nifty field-biology gear; astute observers will
note the tips are a little different on some of the objects – the one in the
bottom row second from right worked best. It included “both cutting
edges and pressure-relief channels and was designed to be relatively
easy to fabricate”.
We know you can Google, but where’s the fun it that? Tell us what you
think they are. The correct answer – and/or the most creative – will be
published in the next issue.
contribute@cosmosmagazine.com

No-one nailed
last issue’s
objects but
everyone had fun
guessing. The
two tortoises
flew on the
Soviet Union’s
1968 Zond 5
mission. Zond 5
was the first
spacecraft to
fly to the Moon
and successfully
return; the
tortoises
survived and

were retrieved
after enduring a
ballistic re-entry
that probably
would have killed
humans.
“The …
scientists are
so captivated
by Boris and
Anastasia,
because they are
wondering how
on earth they
could possibly
mate with their
shells on,”

thought Paul
van Leeuwen.
“Without
success, they are
trying to unscrew
the shells,
leaving them
baffled!”
“Surely
one has to be
Tortsky? And the
other Torltstoy,”
wrote Kim
Crawford. “It’s
late and I need
chocolate. That’s
my only excuse.”
Issue 89 COSMOS – 21
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FLEMING’S
FAMOUS MOULD
REVISITED
Scientists sequence
genome of the original
Penicillium.

Circular truth
Ecologists confirm Alan Turing’s theory
for fairy circles.

F

airy circles – regularly
spaced, round patches of
bare soil surrounded by grass
– are one of nature’s greatest
enigmas and most visually
stunning phenomena.
Now, an international team
has collected data to show that
a model proposed in 1952 by
mathematician and theoretical
biologist Alan Turing explains the
striking vegetation patterns of
the West Australian fairy circles,
which are found only in a small
area east of the outback mining
town of Newman.
The researchers also show that
the grasses that make up these
patterns act as “eco-engineers”
to modify their own hostile and
arid environment and keep the
ecosystem functioning. The
results have been published in the
Journal of Ecology.
The systematic and detailed
fieldwork done by the joint
German/Australian/Israeli
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research team enabled, for the
first time in such an ecosystem, a
comprehensive test of the “Turing
pattern” theory.
Turing’s concept was that in
certain systems, due to random
disturbances and a “reactiondiffusion” mechanism, interaction
between just two diffusible
substances was enough to allow
strongly patterned structures to
spontaneously emerge. Physicists
have used this model to explain
the striking skin patterns in
zebrafish or leopards, for instance.
Earlier modelling had
suggested this theory might apply
to these intriguing vegetation
patterns and now there is robust
data from multiple scales that
confirms that Turing’s model
applies to Australian fairy circles.
The emergence of Turinglike patterned vegetation seems
to be nature’s way of managing
an ancient deficit of permanent
water shortage.

Mould regrown
from Fleming’s
frozen sample.

STEPHAN GETZIN, UNIVERSITY OF GÖTTINGEN, CABI

EARTH

British scientists have
sequenced the genome
of Alexander Fleming’s
famous penicillin mould for
the first time.
Writing in the journal
Scientific Reports, they
reveal that modern UK and
US strains use slightly different
methods to produce penicillin,
potentially suggesting new
routes for industrial production.
Fleming discovered the
first antibiotic in 1928 while
working at St Mary’s Hospital
Medical School. It was produced
by a mould that accidentally
started growing in a Petri dish.
This was the source
of penicillin, but industrial
production quickly moved to
using fungus from mouldy
melons in the US.
The research team originally
just intended to the use original
for experiments – until they
realised that no-one had yet
taken a really good look at it.
They re-grew it from a
frozen sample then extracted
the DNA for sequencing.

MAKING SCIENCE
ACCESSIBLE
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Many fans
make light
work

A

stronomy is, perhaps, the science in which the border is most
blurred between the “professional” and the “amateur”. The
sky is open to everybody and, for centuries,
the contribution of non-professional astronomers to the advancement of astronomy has
been significant.
Today, the technology that is available
for small amateur telescopes and digital
cameras is allowing amateur astronomers
to contribute to scientific research. I am not
talking here about the outstanding images
that many amateur astronomers achieve,
but about real science discoveries.
Amateur astronomers discover comets
and asteroids, refine the orbits of double
stars, detect new features in the atmospheres of planets, study how the brightness
of distant supernovae fade with time, and
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characterise the variability in bright stars.
They are discovering tidal tails and other
interacting features in nearby galaxies, and
observing transits of exoplanets and obtain
spectra of planets, stars, supernovae and
galaxies.
Perhaps one of the most famous examples of the collaboration between
professional astrophysicists and amateur
astronomers (“ProAm collaboration”) is the
work of the American Association of Variable Star Observers (AAVSO). Founded in
1911, AAVSO has coordinated, evaluated
and published variable star observations
made largely by amateur astronomers. Its
records are open to all, and used by professional astronomers, researchers and
educators. These data allow us to study the
evolution of the brightness of stars over
time. For example, thousands of amateur

astronomers recently provided measurements of the brightness of Betelgeuse, the
famous red supergiant star in Orion, when
it experienced an unusual dimming in 2020.
The Sociedad Española de Astronomía
(SEA, Spanish Society of Astronomy),
founded in 1992, brings together more than
800 professional astrophysicists in Spain; it
started the “ProAm Commission” in 2008
to link professional and amateur astronomers together on specific research projects.
The SEA ProAm Commission reports on
the results that these collaborations generate and provides training material, access
to science articles and astrophysical expertise. It works closely with the Federación
de Asociaciones Astronómicas de España
(Federation of Astronomical Associations
of Spain), 7000 amateur astronomers from
almost 70 associations.

(FROM PORTRAIT FAR LEFT) ÁNGEL LÓPEZ-SÁNCHEZ X2, RAMÓN NAVES, ANTHONY WESLEY

Making important
discoveries in
astronomy is possible
for anyone with an
interest in looking
up, as Ángel LópezSánchez explains

NEXT BIG THING

Far left: Trifid nebula
using a small amateur
telescope. Left: Comet
C/2020 F3 moving close
to globular cluster M53.
Below: Impact in Jupiter
observed June 3, 2010.

COMETS
Two groups of Spanish amateurs determine
the photometric (brightness) and astrometric (position in the sky) properties of comets.
Data for almost 2000 comets have been submitted to NASA’s Minor Planet Center.

LIGHT POLLUTION
As part of the NIXNOX project led by the
Universidad Complutense de Madrid, amateur astronomers have created hundreds of
all-sky maps showing the brightness of the
night sky. Their data are used in studies of
global light pollution.

VARIABLE STARS
Since 1990, amateurs of the M1 Group have
studied variable stars following the same
photometric filters and methods that professional astrophysicists use. These data
have triggered alarms to study unusual
brightness changes with large telescopes.

AAVSO’s records
are open to all, and
used by professional
astronomers,
researchers and
educators.
Indeed, the Spanish amateur astronomy
community has been involved in diverse
ProAm collaborations for decades, and I
want to provide a broad overview to show
what is possible for ProAm collaborations
around the world.

SOLAR OBSERVATIONS
The group Parhelio has compiled observ
ations of the Sun from ~80 amateur
astronomers since 1999. Parhelio has also
developed software for analysing the data
(70,000+ sunspot measurements) which are
now processed automatically.

PLANETS
The database of the Grupo de Ciencias Planetarias at Universidad del País Vasco contains
more than 45,000 planetary images obtained mainly by amateur astronomers. The

group
also coordinates images showing impacts in Jupiter,
such as that recorded by the Australian amateur astronomer Anthony Wesley on 3 June
2010. The research paper led by Ricardo
Hueso and Wesley was published in The
Astrophysical Journal Letters in October
2010. Other results have been published in
Nature.

METEORS
Astronomers of the Soc
iedad Malagueña
de Astronomía, collaborating with the Instituto de Astrofísica de Andalucía and
Universidad de Málaga, have established
13 all-sky cameras to study meteors and
bolides (fireballs). Between 2014 and 2019
they provided almost 6000 alerts.

SUPERNOVAE
The Observadores de Supernovas group
studies the evolution of the brightness
of supernovae. The group performs
continuous observations of specific supernovae over months. Astrophysicists
regularly request these data for research.

DOUBLE STARS
Spanish amateur astronomers measure the
angular separation of double stars. Their
data are used for determining the orbits
and thus to estimate the mass of the system.
Since 2009, the biannual magazine El Observador de Estrellas Dobles (The Observer
of Double Stars) has compiled hundreds
of articles of discoveries. Their more than
15,000 measurements have been added to
the Washington Double Star Catalog.

EXOPLANETS
Amateur astronomers are observing exoplanets using the transit technique (measuring
the variation of the light of the star as an exoplanet crosses in front of it). Almost 600 light
curves made in Spain have been added to the
Exoplanet Transit Database since 2005.

ÁNGEL LÓPEZ-SÁNCHEZ is a senior lecturer
in Australian Astronomical Optics at
Macquarie University.
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UNDERWATER ISS

Aquanaut and ocean conservationist
Fabien Cousteau – first grandson of
Jacques – is seeking to honour his Old
Man of the Sea by building Proteus,
the world’s largest and most advanced
underwater habitat. By PAT SHEIL.
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UNDERWATER ISS

F

OR MILLENNIA, HUMANITY’S relationship

BABY DEPTHS
The idea of creating such places was that of US naval
physician George F Bond, known by his colleagues
as “Papa Topside”. His three SEALAB experimental
28 – COSMOS Issue 89

Like the International Space Station,
Proteus will allow people to live
in extreme isolation for months,
rather than mere hours

bases date from his attempts to extend the physical
endurance possibilities of diving in 1957.
SEALAB I was lowered to a depth of 59 metres
off the coast of Bermuda in 1964 with four US navy
personnel aboard planning for a three-week stay.
However, concerns over an approaching storm saw
it retrieved after just 11 days. The following year, off
the southern California coast, SEALAB II – almost
twice the size of its predecessor – was sent to a depth
of 62 metres , with diver teams spending 15 days at a
time on board – all except for former Mercury-Atlas
7 astronaut Scott Carpenter, who spent a record
30 days there. Among other experiments, divers
attempted to get a dolphin named Tuffy to ferry
supplies to the lab, with mixed results.
SEALAB III – a refurbished version of II – was
deployed at the terrifying depth of 190 metres off
San Clemente Island, California, in 1969. All three
SEALABs, but especially the third, were plagued with

Proteus (above) would be the
largest submarine base yet
built, with the capacity for
a crew of 12 in its 370sq.m
space. Launched in 1965,
Sealab II (opposite) – 3.6m in
diameter and 17m long – was
the US Navy’s second marine
habitat attempt. Former
Mercury astronaut Scott
Carpenter, front left, spent 30
days underwater off the coast
of California leading three
teams of 10 divers as they
performed salvage projects,
mining experiments and deepwater dives.

(PREVIOUS SPREAD AND ABOVE) CONCEPT DESIGNS BY YVES BÉHAR AND FUSEPROJECT

with the sea has been almost entirely
with its surface and its edges.
The coast is where we meet the
forces, opportunities and vastness of the
ocean, which – when its mood is right –
lets us swim, sail, fish and trade. But apart from the
knowledge acquired, often at great cost, from fishing
and exploration, our understanding of the sea has
lacked depth. When we watch the Sun rise or set over
the water, we are seeing nature at its most glorious, but
under that horizon, deep down where we all came from,
there exists a world that is deep, dark and unknown.
Unknown? Well, yes, if you look at the numbers.
There is a consensus among marine biologists that
we have probably identified and classified less than
10 per cent of the species that live in our oceans,
which wash over 70 per cent of our world. And despite
the remarkable mapping technology that is now
charting the topography of their trenches, sea mounts
and rifts, we still have more precise mapping of the
surface of the Moon than we do of our ocean floors.
And as for the species count, well, we’re hard
pressed to classify the fungi in our forests, let alone
the flora and fauna of our seas.
Fabien Cousteau, grandson of French scuba and
documentary pioneer Jacques, would like to fill in
some of the yawning gaps in our comprehension of
this vast marine space, which acts as our thermostat,
carbon sink, and greatest yet least understood
resource. He’s hoping to build a submarine base in
the Caribbean over the next three years that, like the
International Space Station (ISS), will allow people to
live in extreme isolation for months, rather than the
mere hours allowed by the hazards of decompression
that follow all-too-brief scuba excursions.
Proteus, named after the eldest son of the Greek
sea god Poseidon, will – if all goes well – be a modular
structure housing a crew of up to 12 people at a depth
of 20 metres for extended periods.
With more than 370 square metres of floor space,
Proteus will be 10 times the size of Aquarius Reef
Base, the most recent attempt at creating a safe and
stable base in which to spend more than a few hours
underwater. Located about nine kilometres off Key
Largo, Florida, Aquarius was built in 1986 and,
despite its limitations, is still used by NASA and
others for the training of candidates preparing to
work in sealed environments.

UNDERWATER ISS

technical problems. A diver died while attempting to
fix a leak in one of its helium seals, and later there was
deliberate sabotage of its air hoses, a mysterious crime
that has never been fully explained by the US Navy.
Around the same time, across the Atlantic,
Jacques Cousteau was lowering his own versions
of underwater human habitats, which he dubbed
Continental Shelf (Conshelf ), or Precontinent,
stations. Conshelf 1 hosted two divers for a two-week
stay at a depth of 12 metres off the coast of Marseilles
in 1962. The next year, six “oceanauts” and a parrot
spent 30 days aboard Conshelf 2 at a depth of
10 metres in the Red Sea, off Sudan. Aquanauts in
the submersible bell Conshelf 3 spent three weeks
at 102 metres; but Cousteau had started to turn his
attention to ocean conservation and as this passion
grew, so too his interest in protecting this untouched
landscape from habitation – and exploitation.
Aquarius is the work of the US National Ocean
and Atmospheric Administration (NOAA). The key
difference between it and earlier attempts is that
it was designed to operate at “ambient pressure”,
which means that the air pressure for the occupants
is the same as, or close to, the water pressure outside
– which, at 19 metres, is about 2.6 atmospheres or
38psi: the pressure of a well-pumped car tyre.
As a proof of concept, Fabien Cousteau and his
crew spent a month living and working at Aquarius in
2014, an expedition they called Mission 31. Proteus,
it is hoped, will be the giant “son of Aquarius”. The
habitat will be built over the next three years or so at
an estimated cost of $US135 million. It will be towed
to its final location near Curaçao, 70 kilometres off
the coast of Venezuela in the Caribbean, and lowered
to a depth of about 20 metres.
It will contain sleeping quarters, medical facilities
and a laboratory to classify and analyse samples taken
by those who will venture out, explore and retrieve.
Like the ISS, the habitat will be fitted with a module
that can house workers in an emergency, and be
detached and brought to the surface.

BETTMANN / GETTY IMAGES

UNDER PRESSURE
Fabien Cousteau’s contagious enthusiasm for the
Proteus project is tempered by a cautious realism born
of years working underwater. As a third-generation
Cousteau, he really didn’t have much choice. At age
12 he was thrown overboard to scrape the barnacles
off Grandad’s boats. It was a tough apprenticeship,
but one he not only tolerated, but embraced. Cousteau
is, shall we say, deeply aquatic, and highly persuasive
when it comes to pitching his Proteus project.
For instance, when asked why this underwater
research can’t be performed by autonomous or
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“The idea is listening, seeing,
hearing, touching, monitoring
systems, to get a better gauge
and a better feel for the health
of our ocean.”
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remote-controlled vehicles, he acknowledges that
robotic probes certainly have their place, especially at
extreme depths, but makes convincing arguments for
basing researchers underwater for extended periods.
Still, much like the ISS, spending time in an
aquatic environment comes with problems for landbased mammals. For aquanauts, chief among these
are the daunting duo of decompression and time.
Decompression, the slow process of the human
body readjusting to surface air pressure after being
squished at depth for an extended period, is both
essential and, if done too quickly, potentially fatal.
“The way back to the surface takes a lot longer,”
Cousteau says. “And that’s even from 20 metres. If you
look at the dive tables for any recreational scuba diver,
you’ll see how quickly your decompression obligations
skyrocket. Essentially, you’re saturated at three
atmospheres, or 20 metres, after about 18 hours.”
In diving parlance, “saturated” refers to the
body reaching a state of equilibrium with external
pressure. In deep diving, a specialised gas mix is
used for breathing, which usually involves replacing
a proportion of the nitrogen in air with helium.
Astonishing depths have been reached using this
technique, with the current world record standing at
332 metres for a non-surface-supplied diver.
Resurfacing after saturation takes time. “Free
divers”, like those who have plunged to over 30 metres
for sea sponges or pearls since antiquity, are not
under pressure long enough to get close to saturation,
but once you’re there, you cannot rush to get back.

According to Cousteau, it’s not just
decompression and the time saved by divers not
having to constantly submerge and resurface that
makes Proteus worthwhile. It’s what you can do while
you’re down there, including working with marine
samples and organisms that don’t have to be put
through the same gruelling process.
“That’s an observation that my grandfather made
a long time ago,” he says. “If you’re taking samples
from a pressurised environment and bringing them
back to the surface quickly, you’re not only potentially
corrupting the sample, and therefore all your data,
but you’re also moving away from the frontlines of
the research.”

UNDERWATER ISS

Fabien Cousteau with his
grandfather Jacques (left
and below), and (bottom)
during his 31-day stint on
Aquarius in 2014.

(FROM TOP) JOE PUGLIESE, ANN-MARIE COUSTEAU, CHRISTOPHER MARKS

An educational
resource for
this story is available
at www.education.
australiascience.tv

Now a popular site (opposite
top) for divers, Jacques
Cousteau’s 1963 Conshelf 2
starfish habitat (opposite
middle) housed Cousteau,
five other divers and a parrot
for 30 days 10m deep in
the Red Sea to prove the
possibilities of underwater
habitation. For Conshelf 3
(opposite bottom, and inset),
Cousteau’s most ambitious
project off Saint-Jean-CapFerrat, aquanauts lived for
three weeks in a weighted
bell 102m deep. Cousteau
hoped this effort would open
the sea as a new frontier, but
without his influence future
projects foundered.

Cousteau’s point about time-saving goes beyond
getting up and down from a high-pressure world.
There is the eternity of waiting for answers, of
shipping material across the world and “putting it in
a freezer locker for years before someone eventually
gets to it. Here you have your fresh samples in hand,
in a state-of-the-art marine laboratory. You’re able to
accelerate the research tenfold.”

FINAL FRONTIER
The base itself is still very much a work in progress,
and while the structure and layout have been pretty
much settled on, there are many design and materials
decisions to be made, from the modular attachments
and airlock access points, down to the best way to
secure the thing to the seabed.
Even the basic question of what the outer shell of
the base will be made of is still being discussed, but
Cousteau is sensibly risk-averse on that score. “I’m
leaning towards traditional materials because they’ve
been proven,” he says. “This is a hostile environment,
and yes, we are looking at innovative compounds and

other materials right now. But there can be issues
with some of the new materials.”
For one thing, using stronger, lighter materials
might be great if you’re building aeroplanes, which
you want to fly longer using less energy. If you want
something to sink and stay put, you need it to be
heavy. Weight-saving is not a priority for a project
like this – quite the opposite.
“And also,” Cousteau points out, “while there are
some amazing composites, the way that we’d be using
them hasn’t been tested for any extended period of
time. We have a projected shelf life for Proteus of
about 15 years.”
Fortunately, his choice of Curaçao is far from the
northern Caribbean’s “hurricane alley”, and so should
avoid the storm damage that has plagued Aquarius
since it was first submerged off the Florida Keys. It
was smashed almost to destruction by Hurricane
Georges in September 1998, and badly damaged
again by Hurricane Mitch a month later, then Rita in
2005 and Irma as recently as 2017.
Another advantage of the Curaçao choice is that
the base will be perched on the edge of the continental
shelf, which is ideal for the addition of a second
smaller – but much deeper – “sub-station”. Triton
– yet another son of the prolific Poseidon – will be
easily reached from Proteus, and will reside at a depth
of 500 metres under eight atmospheres of pressure.
This is pushing the limits, but really, that’s the
point, and there’s nothing technically or medically
impossible about working that far down.
Still, it’s just a bit scary.
Fabien Cousteau is not a fellow of slender
ambition. He sees Proteus very much as a beginning
rather than an end in itself.
“The idea is listening, seeing, hearing, touching,”
he says. “Monitoring systems, to get a better gauge
and a better feel for the health of our ocean. If you
have not just one Proteus but a series of them around
the world, you can have a network that shares realtime data, allowing access to global information
across days, if not weeks. We need to have a finger
on the pulse of ocean health, be it climate change,
temperature variations, microplastics in the ocean
column, or salinity differences.”
It’s not just the health of the ocean that Cousteau
wants to work on.
“There’s
the
accelerated
research
and
development of viral drugs, cancer drugs, pain
mitigation and so on, all derived from oceanic
resources, all of which are right here, right now.
“This is the rainforest that we’ve not explored.”

PAT SHEIL is a Sydney-based freelance journalist.
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I T ’ S H I P TO B E
S Q U A R E

I

t’s risky business doing anything in space.
It’s even riskier business scheduling a media
interview to coincide with the assumed success
of anything launched into space.
On 25 May 2017, Elias Aboutanios – Associate
Professor with the School of Electrical Engineering
and Telecommunications at UNSW Sydney – was
supposed to be live on-air at the ABC in Sydney,
talking about the successful deployment of UNSWEC0 which, along with two others, was to be the first
Australian-built satellite to make it to space in 15 years.
UNSW-EC0 was a CubeSat, not much bigger than
a loaf of sliced bread. Its outer surface was covered
with the solar panels needed to power its brief threemonth lifespan, and it carried several pieces of
specialised equipment whose purpose was to analyse
and image Earth’s lower atmosphere and surface.
The three tiny CubeSats had launched in a rocket
from Cape Canaveral just over a month earlier. Their
transport had rendezvoused with the International
Space Station, and on May 25 they were to be
pushed out from the ISS, deploy their antennae, and
commence communicating with the team.
Except they didn’t. Aboutanios and his colleagues
urgently started trying to figure out why. “We work
on the assumption that it’s not dead, and if it’s not
dead, we work out what the possibilities are for it not
talking to us,” Aboutanios says.
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It turned out that during a period of storage before
launch, the fully-charged batteries in the CubeSats
had drained. Once deployed in space, its solar panels
began generating electricity to recharge the battery,
but certain software components had become stuck in
a resetting loop, preventing the release of its antenna.
Even stowed, the antenna could receive some signal –
but not enough for technicians on the ground to reset
the system using the small comms antenna they had
access to at UNSW.
They needed a bigger, ground-based antenna
to generate a more powerful signal. “We spoke to
CSIRO, we spoke to Defence in Australia, we spoke
to NASA,” Aboutanios says.
Their white knight came in the unexpected form
of an amateur radio astronomer in the Netherlands,
who had access to an old radio telescope, but only on
weekends. The first time he blasted the commands
at the satellites, one of them – a CubeSat from the
University of Sydney – responded. But UNSW-EC0
remained silent.
The team didn’t give up. Further digging revealed
that their satellite had been mislabelled by NORAD
– the North American Aerospace Defense Command
– and they had actually been trying to communicate
with the wrong one. A week later, they had another
shot. The commands were sent, and finally, UNSWEC0 started talking back.

CSIRO AND INOVOR TECHNOLOGIES

Like orbiting LEGO bricks crammed with tech,
CubeSats are simple, (relatively) cheap, customisable
and as BIANCA NOGRADY discovered, the next big
thing for communications, real-time weather warnings
and eyes in the sky. But how many is too many?

CUBESATS
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Telling the story more than three years later,
Aboutanios speaks almost with fondness of what
must have been a nail-biting few weeks. “It’s a
massive learning experience,” he recalls. “You learn
the things you’ve done wrong, you learn the things
you’re good at. You have some amazing experiences
on the way.”
Had this happened with a typical satellite, it
would have been a tough hundred-million-dollar
learning experience. Fortunately, CubeSats are
cheaper, smaller, and far easier to build and launch.
Even if the UNSW team had failed completely to
awaken their sleeping device – as happened with one
of its two companions – they no doubt would have
picked themselves up, dusted themselves off and had
another go.
At a barely $100,000 a pop, CubeSats are far
cheaper than a typical Sydney house, which is why
governments, states, companies, universities and
even schools are putting their own satellites into orbit.
Space has opened up, and the gold rush is on.

CubeSats belong to the “smallsat” class, in that they
weigh less than 600 kilograms. In fact, at just one
kilogram, a single unit CubeSat weighs way less – but
that’s not even their biggest selling point.
“The idea with CubeSats is they have a standard,”
says Iver Cairns, professor in space physics at the
University of Sydney and director of CUAVA – the
ARC training centre for CubeSats, UAVS (Unmanned
Aerial Vehicles) and their applications. “They’re all
approximately 10 centimetre by 10 centimetre by
10 centimetre cubes put together, there are standard
electrical systems that people think would be useful,
you can buy some parts commercially off the shelf,
and that makes it so much easier to design.”
Several companies around the world sell
standardised CubeSat frames – called the “bus” – and
components, which makes it a relatively simple matter
for those using them to add in their chosen payloads.
“The philosophy I like is that you buy the CubeSat
bus and you put in the parts that matter to you, you
put in the payloads, and you use your brainpower on
the bits that are interesting to you, not on just the
details of the engineering,” Cairns says.

University of Sydney’s
Iver Cairns (above, at
right), here with aerospace
engineer Jiro Funamoto,
leads the ARC training
centre for CubeSats,
Unmanned Aerial Vehicles
and their applications.

Adrian Rispler, CSIRO
senior researcher and
project lead on the
CSIROSat1 CubeSat
project.

“CUBESATS INITIALLY WERE JUST A BIT
OF A TOY AND PEOPLE USED THEM TO
TEST CAPABILITIES. NOW THEY’RE MOVING
INTO A SCIENTIFIC BENEFIT SPACE.”
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The payload is the sexy stuff, and the reason
CubeSats are so hot right now. They can carry a
host of scientific instruments – imaging tech, radar,
spectrometers, GPS, devices for measuring magnetic
fields – all of which are being used to monitor and
analyse Earth’s surface and atmosphere.
“Generally speaking, CubeSats initially were
just a bit of a toy and people used them to test the
capabilities to launch something into space,” says
Adrian Rispler, CSIRO senior researcher and project
lead on the CSIROSat1 CubeSat project. “But now
the CubeSats are moving more into a scientific benefit
space, people are trying to do proper science.”
At the University of Sydney, PhD student
Savannah McGuirk has been studying soil carbon,
a vital element of soil fertility. It’s also a potential
source of income for farmers, who can earn and sell
carbon credits by adopting agricultural techniques
and practices that increase the amount of carbon
sequestered in their soils.
Australia has a market for carbon credits in
the form of the Emissions Reduction Fund, which
includes credits for increasing soil carbon. “It’s really
progressive legislation and there’s been two rounds
of sales for the carbon credits so far; there’s a lot of
interest, but still people are really struggling because
it’s so impractical to measure and track soil carbon,”
McGuirk says. “The process means going out in field,
getting a soil corer mounted on tractor, taking soil
samples and sending to the lab.”
This is where satellite-based imaging comes in. “In
general, soil is darker when it has more soil carbon,”
McGuirk says. “If you have a heavy clay soil it’s quite
red, or sandy soil it’s quite yellow, but if you have a lot
of compost and mix it in, the soil becomes a lot darker.”

(RISPLER, LEFT) TWITTER. (TOP RIGHT) KEN LEANFORE. (BOTTOM RIGHT) GRANT TURNER. (OTHERS) UNSW X5

HITTING PAYLOAD

UNSW Sydney’s UNSWEC0 (Educational
CubeSat Zero) was
developed (opposite,
from top) using existing
and specially made
components, including
a 3D printed “bus”, here
admired by, from left,
Barnaby Osborne, Joon
Wayn Cheong and John
Lam. Cheong (right
circular frame) tested
the camera on Earth and
it worked fine in space.
The team celebrated
when UNSW-EC0 started
communicating in
2017 after some postdeployment hiccups.
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Satellite images can give a broader picture of soil
colour across an area of land: a single pixel in a satellitetaken image represents an area of around 10-30 square
metres. Combined with ground-based measurements
and unmanned aerial vehicle mapping, properly
calibrated satellite imagery will enable farmers to
build up a comprehensive survey of their soils.
And that’s just the starting point, McGuirk says.
“Having those high-resolution soil carbon maps,
you can look at climatic cycles, for example the effect
of a rainfall event or prolonged drought. You can
look at the effect of a government policy which gave
landholders the right to irrigate for x megalitres.”
The CUAVA1 satellite, scheduled to launch in
March 2021, carries a hyperspectral imager, which
will provide a rich source of data for soil analysis.
It’s also carrying a GPS instrument to study the
Earth’s atmosphere by measuring the degree to
which GPS signals are refracted as they pass through
the atmosphere. That refraction is affected by
temperature and water content, so the information
is useful for weather forecasting. It can also be used
to measure how GPS signals bounce off the surface of
oceans, which provides information on wave height
and direction.
“That gives you some information about the
winds,” says Cairns, “but also damage that oil rigs, for
instance, might obtain or whether a particular cruise
ship should go this way or that way.”
CSIROSat1 is a three-unit, Earth-observing
CubeSat expected to be launched in 2021. It will
carry a range of instruments that will contribute to
research on bushfires, tropical cyclones and more.
Its hyperspectral camera can monitor the water
content in tree canopies, which helps with fire-risk
estimation, and can assess cloud formation to inform
modelling of tropical cyclones. There’s also a strong
business case for using it to look for mineral deposits
of interest, particularly lithium and cobalt, which are
in hot demand for lithium-ion batteries.
And while there are no plans yet for a successor
to CSIROSat1, Rispler says a program called
AquaWatch is in the early stages of development,
with a view to using both satellites and ground-based
sensors to monitor the quality of Australia’s inland
and coastal waterways.
But imaging even from low Earth orbit isn’t
simply a case of “point and shoot”. It comes with
unique challenges, such as jitter. “For CubeSats, you
have a lot of vibration and you need to correct for
that jitter in your images,” says Rispler. “If you think
about a pixel in the ground, when that spacecraft is
having some vibration, you create a swathe.” One of
the skills CSIRO brings to the table is the processing
needed to correct for the jitter, and to stitch the
images together.
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CubeSats are also shaping up to be a big player in
the communications arena. At Australian company
Fleet Space, co-founder and CEO Flavia Tata
Nardini’s vision is to launch a constellation of 100
nanosatellites – not exactly the same dimensions as
CubeSats, but a similar size – into low-Earth orbit
to connect to the growing Internet of Things: smart
devices in everything from home electricity meters to
cars to telephone poles to heavy machinery.
“There is an explosion of sensors that needs to
be supported by overall internet that ideally comes
from space, because space sees it all,” Tata Nardini
says. “I thought: We’ve got this big revolution of the

Cheaper to make and
launch, nanosatellites
(above) – defined as
having a mass of 1–10kg
– are rising in popularity
(below). Improving
technology and advances
in miniaturisation enables
their use for commercial
missions that would
previously have required
larger satellites.
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CubeSats are also expanding our understanding
of the thermosphere – the atmospheric region
around 85km to 600km above the planet’s surface,
in which they orbit. Home to the ISS and other loworbit satellites, it remains relatively poorly studied
because larger satellites can’t maintain orbit at such
low altitude; atmospheric drag causes orbital decay
far too quickly for such costly spacecraft. CubeSats,
however, needn’t last as long, so they can orbit
much lower.
The thermosphere is so-called because at its
outermost edge, temperatures can be as high as
2000°C as the atmospheric particles absorb energy
from ultraviolet and X-ray radiation, preventing
them from roasting the Earth’s surface. It’s also vital
for long-range radio and satellite communications, so
understanding the mechanics of this region is vital.
A global collaboration of 28 countries –
called QB50 – is planning to launch more than
50 CubeSats with the goal of advancing knowledge
of the thermosphere; 36 have already made it into
space, Aboutanios’ UNSW-EC0 among them.
Onboard were three instruments: an Ion and Neutral
Mass Spectrometer (INMS) to study the chemical
composition of the thermosphere; a Langmuir probe,
to analyse electrons there; and a magnetorquer to
study magnetic fields.
“So you have the chemical elements, the electron
content and the magnetic field,” Aboutanios says.

CUBESATS

(HURRICANE DORIAN) WIKICOMMONS. (OTHERS) NASA AND JPL-CALTECH X2

In September 2019, cerealbox-sized weather satellite
TEMPEST-D (above) used
a tiny radio-wave-based
instrument to see through
the clouds of Hurricane
Dorian (left), then east
of Florida, US. Its scans
revealed the different depths
at which heavy rainfall
and moisture were being
pulled into the storm. Green
(below) indicates moisture
spiralling into the storm’s
centre; yellow, red and
pink mark the most intense
rainfall. TEMPEST-D is an
experiment in shrinking
weather satellites to a
size that makes them
inexpensive enough to
produce in multiples.

Internet of Things, this big revolution of smallsats
that are decreasing the costs of space, let’s bring them
together.”
With four satellites already launched, Fleet Space
is focusing on industries that have lots of assets “in
the middle of nowhere”, such as energy companies.
“Companies like this around the world have almost
no visibility on their assets, so if they lose power
because of a storm, they put people in cars to go there
and check,” Tata Nardini says.
Smallsats offer a cheaper, quicker way to know
what’s going on. Sensors on every pole and wire, on
every gas pipeline, on every valve can be monitored in
real-time via a global network of orbiting smallsats. A
downed pole, a leak or a broken wire can be detected
instantly, with repair services dispatched exactly
where they’re needed instead of having to spend
valuable time and energy trying to pinpoint where
things have gone wrong.
At this relatively early stage of development,
CubeSat research is also helping to design and build
better, cheaper, more accessible CubeSats. Most are
currently built around an aluminium frame, but for
UNSW-EC0, the team took a different approach.
“We decided instead of machining the satellite from
aluminium and do high-precision machining, we were
going to 3D print the satellite using a thermoplastic
and see how that works in space,” Aboutanios says.
“If that’s successful, it could speed up the production
and prototyping of satellites because you can just 3D
print the thing.”

THE SPACE RACE
In military technology there’s “mil-spec”; a signifier
that a product has met the standards required to
survive in challenging military scenarios, such as
combat zones. Once it has done that, it acquires
“military heritage”.
“Space heritage is even more harsh,” says Youngho
Eun, a postdoctoral research associate in aeronautical
engineering at the University of Sydney and CUAVA.
There’s vacuum, extremes of heat and cold, and
radiation, not to mention the violent physical forces a
satellite is subjected to during launch.
Space heritage for a product is highly sought after,
and the reason there is such a push to get components
into CubeSats that are designed and made in
Australia. “There are five to 10 companies that
specialise in CubeSat structures and components,”
Eun says. “They have this space heritage, so they have
done several launches with their products.”
That gives those products a huge advantage, in both
cost and desirability. Building up that space heritage
for Australian technology is the end game, Eun says.
It’s easy to forget that Australia was actually
a frontrunner in the early space race. In 1967,
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“WE’RE AN EMERGING SPACE NATION LOOKING
AT WAYS WE CAN PARTICIPATE IN BIG
PROJECTS, AND THE WAY WE CAN DO THAT
IS BY BEING PARTNER AND FACILITATOR.”
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Tiny weather satellite
RainCube is a prototype for a
possible future fleet that can
track precipitation from space.
RainCube sends radar “chirps”
from its umbrella-like antenna
that bounce off raindrops and
create a picture of a storm’s
interior. The graph is a vertical
snapshot of a 2018 storm
over Mexico. The bright white
line is the ground; brighter
colours like yellow or red show
areas of higher reflectivity,
indicating heavier rain.

NanoCom antenna

Inovor is now building not only the attitude
control systems, but the CubeSat bus – the frame
– the power systems, and the command and datahandling systems.
“We can fly any payload; we can design a mission
around payload using our modular components,
we can build a spacecraft to suit other people’s
payload,” Tetlow says. That has led to another first
for the Australian space industry: an Australianmade spacecraft hosting a foreign-made payload.
The SpIRIT (Space Industry Responsive Intelligent
Thermal) CubeSat – a University of Melbourne

NASA AND JPL-CALTECH X3

Australia became only the third nation to have
designed and launched a satellite – WRESAT,
the Weapons Research Establishment Satellite –
which was sent into orbit from Woomera, South
Australia. Yet that significant achievement was
all but lost to history as successive Australian
governments pulled back from funding spacerelated research and development. Until recently,
Australia was one of just two OECD nations
without a dedicated space agency.
That changed with the establishment of the
Australian Space Agency on 1 July 2018. One of
its two key roles is to “support the growth and
transformation of Australia’s space industry”. It’s
a change from the more well-known paradigm of
space agencies being the researcher, developer,
builder and launcher of space hardware and
software, says Anthony Murfett, Deputy Head of
the Australian Space Agency. “We’re an emerging
space nation looking at ways we can participate in
big projects, and the way we can do that is by being a
partner and facilitator.”
That means supporting Australian business to
build up that space heritage so they can contribute to
international space activities, and awakening sectors
that might not have even considered their role in a
future space industry.
Australian company Inovor has long had its eye
on the space prize, having been building satellite
technology since 2014. CEO Matthew Tetlow did his
PhD in rocket guidance systems, and spent a long time
trying to get anyone in Australia interested in launch
vehicles. Frustrated with the lack of movement in
that area, he pivoted into satellite attitude control
systems and built a prototype; that design is now part
of CSIROSat1.
Tetlow’s desire to develop space heritage isn’t
just a matter of local pride; it’s about knowing every
component of a spacecraft, inside and out. “Typically,
universities and other groups buy a whole lot of parts
from other people and plug them together and make
a satellite,” he says. But the result is a bit of a “black
box”. “You have no idea what it’s doing, so your ability
to test and evaluate the system properly is greatly
diminished,” he says. “The only way you can do this
properly is if you actually know what’s going on.”
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Off-the-shelf
component makers:
GOMSpace
(Denmark)
Electronic Systems Laboratory
(South Africa)
Innovative Solutions in Space
(Netherlands)

Heart of the cube

CSIRO Data61’s NICTA seL4
computer was tested in space
aboard UNSW-EC0.

NanoCom
(UHF radio)

The UNSW-EC0 CubeSat featured a mix of off-the-shelf
components (see left) and those specifically developed for
the mission by UNSW Sydney, the Australian Centre for Space
Engineering Research (ACSER), CSIRO’s Data61 and the von
Karman Institute for Fluid Dynamics, Belgium.
NanoHub (input/output
extended)
NanoMind
(onboard computer)

NanoCom antenna

UNSW RUSH board (rapid
recovery from single event
upsets in reconfigurable
hardware)
iMTQ (magnetorquer)

NanoPower P110 (electrical power supply)

UNSW Kea Space GPS (experimental
GPS board made by ACSER)

Burn resistors used for
antenna deployment
Cubesense (sun and
earth cameras)
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the von Karman Institute)

mission, partnered with four Australian space
technology companies – is carrying a payload from
the Italian Space Agency. “It’s Australian-built and
we’re able to put another country’s payload on it,”
Murfett says. “That’s a really exciting development.”
There hasn’t been a successful rocket launch on
Australian soil since the 1970s, but there’s now a push
to revive this part of the space industry. Currently,
Australian CubeSats are launched from places such
as New Zealand and the US. But that could be about
to change. Australian companies Southern Launch
and DEWC Systems achieved the first successful
commercial launch of a space-capable rocket in
September this year, from the Koonibba Test Range
near Ceduna in South Australia.

TRAFFIC JAMS ON THE SPACE HIGHWAY
The gut-churning terror of 2013 science fiction
film Gravity wasn’t just due to the nail-biting trials
Sandra Bullock’s main character endured. It was also
the scenario of spacecraft collisions in Earth orbit
generating a lethal, fast-moving, ever-growing cloud
of debris that shreds everything in its path.
This is the future that NASA scientist Donald
Kessler warned about in 1978: the danger that
increasing orbital debris would reach a density where
it would effectively make those orbits inaccessible.
Humanity would lose access to space.
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Out of this world: On
NASA’s Mars Cube One
mission, in 2018, identical
units (left) MarCO-A
and MarCO-B provided
a communications
link to Earth for the
InSight Mars lander.
Each weighed 13.5kg;
they were assembled
(below) at NASA’s Jet
Propulsion Laboratory.
JPL also developed the
Lunar Flashlight orbiter
(opposite), due to launch
in 2021 on the Artemis

Some are concerned the so-called Kessler
Syndrome is already here. With companies such
as Elon Musk’s Starlink launching more than 700
satellites into orbit – and planning thousands more
– Earth’s upper atmosphere is getting very, very
crowded. From 2012 to 2019, more than 1700
smallsats were launched, and in 2019 more than half
of the nearly 400 smallsats put into space came from
commercial operations.
“It’s a big area of concern for many groups,
whether they’re governments or astronomers or
other people interested in the night sky, or they’re
actual companies or scientists trying to do something
with data,” says Iver Cairns. It’s not just the collision
risk; it’s also the issue of communication bandwidth.
With that many satellites trying to communicate
with their ground crews, it’s also very noisy.
Flavia Tata Nardini at Fleet Space anticipated this
challenge early on and created a whole department
to ensure the company successfully applied for a
particular frequency to communicate with their
satellites. They’re also developing technology to make
the most of the frequencies they’ve been allocated.

“WE ALL WANT TO GARNER THE BENEFITS
OF SPACE BUT WE DON’T WANT TO
SCREW IT UP, BECAUSE IT’S A VIRTUALLY
IRREVERSIBLE SITUATION.”
40 – COSMOS Issue 89

But despite some loud voices to the contrary, this
is no Wild West-style land rush, where whoever gets
up there first wins, says Steven Freeland, professor
of international law at Western Sydney University.
First, there’s the 1967 Outer Space Treaty – the
“Treaty on Principles Governing the Activities of
States in the Exploration and Use of Outer Space,
including the Moon and Other Celestial Bodies” –
which was previously adopted by the UN General
Assembly. “The Treaty imposes obligations and
rights on the countries … to assure that those within
their jurisdiction don’t do anything that would be a

NASA AND JPL-CALTECH X2

1 Moon mission, which
will try to find and map
exposed water ice at
the lunar south pole.

(TOP) NASA AND JPL-CALTECH X2. (RIGHT) ANTHONY MURFETT

CUBESATS

real problem in terms of the fundamental principles
under the treaty,” Freeland says.
Again, Australia was at the vanguard when it
developed its own set of national space laws in the
late 1990s – it was only the sixth country to do so. But
those were drafted long before smallsats came along.
“There’s a registration process under international
space law where essentially everything that’s
launched into space is to be registered and then that
information sent to the UN,” Freeland says. “When
you’re sending out 60 satellites at a time, that makes
it impossibly difficult to do on all sides.”
Anticipating the changing nature of the
space sector, in 2015 the Australian government
commissioned a review of Australia’s space laws – a
process led by Freeland – and, following on from that
initial review and further consultation, it has since
released an updated set of laws designed to make the
process more accessible to smaller operators.
But not all countries have the same rules, and
Freeland warns of the danger of a “tragedy of the
commons” situation unfolding in a worldwide
business-as-usual scenario, where commercial
interests drive a headlong rush that isn’t as wellchecked as it should be.
“We all want to garner the benefits of space –
there are great benefits that can stem from small
satellite technology – but we don’t [want to] screw it
up, because if we allow things to go beyond a tipping
point by not preventing irresponsible behaviour, we
will reach a virtually irreversible situation where our
ability to access space is compromised for generations
to come.”

THE FINAL JOURNEY OF A CUBESAT

Anthony Murfett,
Deputy Head of the
Australian Space
Agency.

It’s a wonderful feeling to put something into space,
says Iver Cairns. “You have held the satellite in your
hands, your arms, like a baby, and you and your team
have agonised over it. To see it go up in a rocket from
Cape Canaveral or wherever is a magnificent feeling
– you’ve got the butterflies in your stomach, you’ve
got the cold shivers. It is fantastic.”
It’s a short-lived sensation, however, with
smallsats lasting months to maybe a year or two.
The atmosphere at low orbit drags on them, slowing
them until they can no longer resist the Earth’s
gravitational pull and they fall low enough to burn up,
going out in the proverbial blaze of glory.
Aboutanios recalls the uncertainty of those last
moments when it was UNSW-EC0’s turn to dive into
the atmosphere. “It was strange because we couldn’t
see it,” he says. “It was a bit like: Has it come down,
has it come down, has it come down?” Its orbit sank
lower and lower, until suddenly the spent smallsat
disappeared off radar.
Though there were no celebrations, Aboutanios
says that for a mission shaping up in its first weeks
to be a sizeable failure, it was even more of a triumph
than if it had succeeded without issue.
“If they had gone up and worked from the get-go,
it would have been great,” he says. “But it wouldn’t
have been amazing. The fact that they didn’t work
and we revived them was 100 times more great and
more amazing.”

BIANCA NOGRADY is based in Sydney. Her last story
for Cosmos, on taxonomy, appeared in Issue 85.
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Sharks are awesome
and highly evolved
animals, but according
to fluid mechanist
SOPHIE CALABRETTO,
perhaps their most
amazing characteristic
is only skin deep.
42 – COSMOS Issue 89
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or as long as I can remember, I’ve loved sharks.
By that I mean I’ve loved the idea of sharks, of
course, having fallen victim to an older brother who (I can only presume) took much delight in
showing me Jaws when I was far too young. In practice, I am sure if I actually saw a shark in the wild,
this fascination and awe would quickly dissolve into
absolute terror, though with awe remaining. It is for
this reason, perhaps, that I have not yet been sharkor cage-diving. I can imagine it now …

S
E

Watching in earnest as a dark, sinister form appears in the distance. I gasp, respirator falling out
of my mouth. But I am not paying attention, because
there is a SHARK materialising right in front of me.
Having forgotten about the respirator, I take a deep
breath to calm my nerves, asphyxiate and die.
My dream is to see a shark while I am kayaking
out in Sydney Harbour. I will let you know when it is
time to eat my words.
Issue 89 COSMOS – 43
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Sophie Calabretto is a
Senior Lecturer in Applied
Mathematics at Macquarie
University. Her research
in fluid dynamics seeks to
understand and predict
the behaviour of rotating
boundary layers and
transition to turbulence.

control it. And yet, sharks seem to have, somewhat,
sorted this out.
Unless you’re a drifter, in order to move through
any fluid – water or air – you need to create more propulsive force (or “thrust”) than the resistive force (or
“drag”) you are experiencing (according to Newton’s
Laws of Motion). These resistive forces are then made
up of two different kinds of forces: inertial forces associated with the motion of the mass of fluid, and the
viscous forces that result from adjacent layers of fluid
trying to move over each other. You experience different versions of this every day. It is harder to walk into a
strong headwind than no wind at all, because your inertia wants you to move forwards but the headwind’s
inertia wants to push you backwards, and it is why
hippos (and humans, for that matter) can run faster
on land than underwater (since air is less viscous than
water, it is easier to overcome the viscous forces).
When we swim, we kick our legs (perhaps wildly,
depending on how much time we spent at the beach
as children) to push ourselves off from the water

Turbulence is fluid behaving chaotically and
we cannot predict chaos, which means we
cannot predict turbulence. If we cannot predict
it, we cannot control it. And yet, sharks seem
to have, somewhat, sorted this out.

GEORGE KARBUS PHOTOGRAPHY/GETTY IMAGES

The first job I can remember wanting to do was
marine biologist and this was predominantly to do
with how cool I thought blue-ringed octopuses were,
and how amazing and vaguely terrifying I found
sharks. I clearly bungled something along the way,
however, and ended up as an applied mathematician,
using mathematics to understand, explain and solve
real-world problems. In particular, I developed a
penchant for all things fluid, and so I became a fluid
mechanist as well. However, not all is lost: if my education has taught me anything, it’s that sharks live in
water and water is a fluid.
Water is a fluid, but so is air, and blood, and
honey. Saliva, toothpaste, neon, Jupiter – I think
(note from Alan Duffy: Yep, Jupiter is a fluid..! You
see beautiful examples of fluid mechanics with the
separation of bands, jet streams and the like.) – all
fluids. As is anything else that flows. In fact, we’re
surrounded by fluids every day and yet we still don’t
fully understand why they behave the way they do
sometimes. Enter the fluid mechanist. My primary interest is understanding this whole turbulence
thing: why fluid goes from moving in a “nice”, laminar way before it gets a little unstable and then
transitions into a messy, turbulent flow regime.
Turbulence is fluid behaving chaotically (mathematical chaos, I mean – think Jeff Goldblum in
Jurassic Park talking about butterflies) and we
cannot predict chaos, which means we cannot predict turbulence. If we cannot predict it, we cannot

FLUID DYNAMICS

Below, clockwise from top
left: sea snakes swim by
undulating their bodies,
with their paddle-like tails
providing extra force; blueringed octopuses use a form
of jet propulsion from their
siphons; sharks (such as the
great white, below, and blue
sharks, opposite) make use
of their fins for propulsion,
lift and direction; sea
turtles (and penguins) flap
to propel themselves with
their pectoral flippers.

behind us, and we use our arms to pull ourselves towards the water in front of us. In comparison, sharks
and other aquatic animals have clearly spent a fair
hunk of time evolving into pretty impressive swimmers. And that is without ever having had Newton’s
Laws explained to them.
Flagellates, like sperm and some bacteria, use
flagella (wee, whip-like appendages) to propel themselves by beating the flagella from side-to-side or in
a helical motion to create forward thrust. There are
paddling swimmers, such as some crustaceans, that
use legs or even antennae for swimming (a bit like
us, but better). Many cephalopods, including my favourite blue-ringed octopus pals, use a form of jet
propulsion, in which they fill a muscular cavity with
water and then squirt it out to propel themselves in
the opposite direction of the ejected water. (Just like a
jet engine that uses water rather than gas… which you
now know is also a fluid.)
Sea turtles, penguins and sea lions use their pectoral flippers to propel themselves through the water,
and tardigrades just swim like small, weird dogs with
eight legs. Some invertebrates, like worms, will undulate their bodies to create propulsion – not unlike sea

snakes, which have the added benefit of a paddle-like
tail for a little extra kick. Many fish often use this rippling technique, undulating their bodies or oscillating
their fins.
Sharks, aka Monarchs of all Fish or Cheetahs
of the Ocean (note to reader: neither of these appellations are, yet, endorsed by the wider scientific
community), have incredibly strong fins, which create
dynamic lift and propel them forward. Actually, this
is a bit of a generalisation: there are more than 500
species of sharks, and I wouldn’t refer to a wobbegong
as a Cheetah of the ocean, regardless of the spots.
I’m thinking about those sharks with more torpedo-shaped heads, like the great white that will cause
me to asphyxiate in a cage at some stage in the future.
These sharks use their tail, or caudal fin, to propel
themselves forward, pushing water around their pectoral fins, which they can tilt up and down in order to
create positive or negative lift to move up and down.
Along with their vertical fins, which allow the sharks
to move from side to side, this arrangement gives
sharks incredible manoeuvrability – equivalent to a
car (approximately equal to one shark mass) performing a U-turn in your living room.
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The gaps between sharks’ dermal denticles
provide microscopic pockets in which
separated vortices can wreak their swirling
havoc, allowing the fast-moving fluid to flow
straight over the top.

WHAT A DRAG
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Counter-intuitively, a smooth-surfaced object such as a pool
ball creates more drag than a dimpled golf ball. The dimples
promote the formation of tiny vortices in the turbulent
boundary layer, thus decreasing wake size and minimising drag.
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to the free stream velocity. In fluid mechanics we call
this layer a “boundary layer”, and the thickness of the
boundary layer will depend on the viscosity of the
fluid, with more viscous fluids giving way to thicker
boundary layers than less viscous fluids. If I were to
spin around in a vat of honey, the honey boundary
layer that formed on me (“the object”) would be thicker than the boundary layer formed if I were to spin
around in a vat of water. Both of these boundary layers
would be thicker, however, than a boundary layer of
gin. Boundary layers occur when any viscous fluid (all
those fluids we talked about earlier) encounters a solid
object or boundary, which is basically everywhere.
When a boundary layer is nicely behaved and
flowing in layers, as it should, it’s called laminar. If a
boundary layer becomes unstable, however – which
it often can in fast-flowing fluid, such as the water
passing over a shark hooning around the ocean – the
layer can detach from the surface of the object. This
detachment point is called the separation point. If it
detaches, this layer will encounter the fast-moving
fluid, forming streamwise vortices that will become
turbulent, creating a ‘turbulent wake’ behind the
object, which then causes drag. This is exactly what
we do not want to see happening on the surface of
an aeroplane: more drag means increased noise and
energy dissipation, making planes less fuel efficient
and compromising control.
Sharks have curtailed this conundrum. The gaps
between their dermal denticles essentially provide
microscopic pockets in which these separated vortices
can wreak their swirling havoc, allowing the fast-moving fluid to flow straight over the top, reducing the
overall drag. This is why there are dimples on a golf
ball: forcing the formation of tiny vortices (and, thus,
a thin turbulent boundary layer) decreases the size of
the wake and minimises the drag felt by the ball. The
movement of a shark is (slightly) more complicated
than a golf ball’s, but the physics is essentially the same.
(Some sharks have circumvented the whole moving-fast-induces-turbulence problem altogether.
Epaulette sharks have evolved two sets of flat, paired
fins that they use to walk along the sandy seabed.
They can swim too, of course, but when they do it, it
is on their terms.)
Fin-feet or no fin-feet, one thing is for certain:
turbulence occurs in almost every situation that
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However, there is something else that is quite remarkable about a shark and the way it interacts with
the surrounding fluid. To understand what that is,
we only need to go skin-deep. Fast-swimming sharks
have skin made up of millions of tiny, tooth-shaped
scales known as dermal denticles or placoid scales.
These denticles allow a shark to do something fluid
mechanists around the world struggle to achieve:
they reduce drag in turbulent-flow regimes.
When fluid flows around an object, at a molecular level the fluid immediately adjacent to the object
tends to adhere to the surface rather than slip over it.
In fluid dynamics, because we are extremely creative,
we call this the “no-slip boundary condition”. Fluid
flows in layers, so the next (molecular) layer of fluid
will move at almost the same speed as the adhered
layer, but it will also be influenced by the next layer,
which in turn will be influenced by the next, and this
happens again and again until we reach a layer that is
moving at almost the speed of the surrounding fluid
(the “free stream velocity”).
The result of this is a thin layer of fluid in which
the velocity rapidly changes from that of the object

FLUID DYNAMICS

ROUGHLY SPEEDY

If shark skin was smooth, the boundary
layer would separate as the shark
flexed, causing turbulent vortices that
create drag.
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Instead, sharks have skin
covered by tiny-teeth-like
dermal denticles, which reduce
drag by creating tiny vortices,
allowing a fast-moving fluid to
layer to move smoothly over
the top.

fluid flows. Turbulence occurs at every scale, from
the tiny, vortex structures between a shark’s dermal
denticles, to the milk in your morning coffee, to
the swirls and eddies in a fast-flowing river, to the
boundaries of jet streams in Earth’s atmospheres, to
coronal mass ejections from the plasma surrounding the sun. If we could understand how and why it
occurs, we could do a whole gamut of useful things,
such as improving the reliability of and reducing the
risk associated with alternative energy, such as wind
and tidal. Or better understanding and modelling
the “turbulent flow of people” – crowds, influxes of
large groups, and mass migration.
We would also get better at mixing things more
efficiently, which is important in both big industrial
process engineering applications and the subtle art

The denticles lift
away from the skin
like flaps to hold
the boundary layer
in place

Scattering the school,
a juvenile black-tipped
reef shark (above left;
Carcharhinus melanopterus)
cruises in the Maldives.
With a characteristic burst
of speed, a shortfin mako
(above; Isurus oxyrinchus)
whips past a diver in waters
off the southwestern US.
Capable of swimming at
50–60km/h, the shortfin
mako is known as the
world’s fastest shark.

Denticles are like tiny
overlapping scales. These,
from a great white shark,
are at 2100x magnification

of Milo preparation. And we will be able to design
better aeroplanes, much faster and more fuel efficient than anything previous (like the Concorde if
it were not noisy, and didn’t have hugely inefficient
engines nor wings designed for supersonic cruising
that were not particularly efficient during take-off,
landing and subsonic flight).
But, as noted before, transient turbulence is
pretty complicated. So, as we continue to chip
away at this (still unsolved) grand challenge of fluid
physics, we can continue to learn from the animal
kingdom, whose millennia of evolution make them
better than us at mostly everything. Except for
Bruce, the mechanical shark from Jaws, who never
had dermal denticles and, as a result, has since gone
into retirement.
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Small worlds
The entrant images in Nikon’s 46th annual international photomicrography
competition are as thoughtful, intimate and inventive as ever.
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THE PRACTICE of photomicrography – literally,
a picture of something under a microscope – isn’t
restricted to images captured in science labs, but

that’s where the majority of entries to the annual
Nikon’s Small World competition come from. Small
World has run since 1975 and its partner video
competition – Small World in Motion – since 2011.
Entries for the 2021 competitions close on 30 April.
nikonsmallworld.com

The unexpected view. In 19th place, Jan Michels from ChristianAlbrechts-Universität zu Kiel, Germany, makes a marine centric diatom’s
silica cell wall, or frustule (opposite; 50x magnification), present as an
eerily perfect citrus cross-section. A phantom midge larva (top right;
4x), or glassworm, becomes a transparent pastel monster under UK
photographer Christopher Algar’s lens; prominent at left in the frame
are the larva’s modified antennae, which are used to capture prey and
convey it to the larval mouth, or stylet. The 3rd place entry (right;
40x) by Igor Siwanowicz, from the Howard Hughes Medical Institute in
Virginia, US, reveals the rasping tongue, or radula, of a freshwater snail.
Macquarie University dementia researchers Esmeralda Paric and Holly
Stefen’s image (below; 40x) of mouse cells grown within a microfluidic
maze becomes a fluorescently glowing phylogenetic tree.
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A ghostly chameleon embryo image (left; 10x) secured 8th place in the competition for
Allan Carillo-Baltodano and David Salamanca, from Queen Mary University of London, UK.
Anne Gleich’s rendering of a Chaoboridae (phantom midge) larva’s body (above; 10x) displays
the organism’s nervous sytem and fat droplets. Gleich took this image by employing an
optical microscopy technique called differential interference contrast (DIC), which is often
used for rendering contrast in transparent specimens. Using DIC, light is polarised and
split into rays before passing through the specimen, then recombined and passed through
another polariser – an “analyser” – en route to the camera, where the image is captured.
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The winning picture (left; 4x)
– a fluorescently enhanced
dorsal view of a juvenile
zebrafish – was a key part
of some groundbreaking
research at the National
Institutes of Health in
Maryland, US. Assisted
by Bakary Samasa, Daniel
Castranova exposed then
stitched together more than
350 individual frames to
create the image. It reveals
that inside a zebrafish’s skull
there’s a lymphatic system
associated with the nervous
system – something thought
only to occur in mammals. “By
studying them, the scientific
community can expedite a
range of research and clinical
innovations – from drug trials
to cancer treatments,” says
Castranova. “This is because
fish are so much easier to
raise than mammals.”

In the hands of Maria
Jesus Redrejo Rodriguez
and Eberhardt Josue
Friedrich Kernahan, from
the Universidad Autonoma
de Madrid, Spain, salt
crystals (right; 4x) exposed
in reflected polarised light
evoke ideas of some new kind
of silicon chip. The crystals’
source is brine from the Salar
de Uyuni, at 3656m elevation
in southwest Bolivia. At more
than 10,000 sq km, the Salar
is the world’s largest salt flat.
Its metres-thick salt crust
overlays lithium-rich brine
– the lion’s share of Bolivia’s
lithium reserves, which
are thought to be about a
quarter of the world’s.
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Competition 2nd placegetter Daniel Knop used a technique called image
focus, stacking for this remarkable sequence (opposite top; 10x) of the e
development of clownfish (Amphiprion percula). Taken on days 1, 3 (mo
evening), 5 and 9, the sequence shows changes from hours after fertilis
hours before hatching. Özgür Kerem Bulur from Istanbul, Turkey, also em
image stacking to create this lateral view (below; 3.7x) of the leaf-rolling
Byctiscus betulae: he combined multiple images taken at different focus
to get a composite picture that has a greater depth of field than any of i
component individual frames. Leaf-rolling weevils are mainly found in su
and tropical zones; more than 2500 species are known but the biology o
obscure. B. betulae is one that’s come to attention: it’s known as a speci
to agriculture and has been the subject of studies in vineyards.
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Competition 2nd placegetter Daniel Knop used a technique
called image- or focus-stacking for this remarkable sequence
(opposite top; 10x) of the embryonic development of clownfish
(Amphiprion percula). Taken on days 1, 3 (morning and
evening), 5 and 9, the sequence shows changes from hours
after fertilisation until hours before hatching. Aigars Jukna,
from Latvia, used image stacking to render an insect wing
(top; 10x) into a form resembling a sugar sculpture.
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Özgür Kerem Bulur from Istanbul, Turkey, also employed image stacking
to create this lateral view (left; 3.7x) of the leaf-rolling weevil Byctiscus
betulae: he combined multiple images taken at different focus distances
to get a composite picture that has a greater depth of field than any of
its component individual frames. Leaf-rolling weevils are mainly found
in subtropical and tropical zones; more than 2500 species are known but
the biology of many is obscure. B. betulae is one that’s come to attention:
it’s known as a species harmful to agriculture. Yousef Al Habshi, from
Abu Dhabi, used reflected light to pick out a single scale (above; 50x)
from the wing of a blue emperor butterfly (Papilio ulysses).
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Dreaming
in the key of

E
SA

Research
suggests fish use
tools, have complex social
lives and are self aware.
JAMES BRADLEY explores
what that means for the way
we test intelligence, and
how we treat this diverse,
enigmatic community.

Earlier this year, while on a field trip in the Cocos Islands,
I took some time out and went snorkelling. I was in a
shallow channel between two islets, and the tide was run
ning, so my only real option was to let the current carry
me, which it did, and quickly, sending me shooting over
an expanse of broken coral and sand. Although I had seen
fish earlier in the day, there weren’t that many about in
the water I was moving through, but after a few minutes
a trevally came angling in towards me. It was a striking
animal: its silvery, streamlined body some 70 or 80 cent
imetres long, with a vivid blue stripe running along its
spine and back along its middle, and it approached me
quickly, seemingly without fear. At the last moment it
arced outward and swooped around me, before turning
back to circle me again, and then again, a process it kept
up for perhaps another 10 or 12 minutes as the tide car
ried me further down the channel into the lagoon.
For a time, I was worried it might be thinking of at
tacking me – certainly there was an edge of a
 ggression to
the way it kept circling – but what most struck me about
Issue 89 COSMOS – 55

FISH COGNITION

56 – COSMOS Issue 89

13 metres, and can weigh well over 20 tonnes (I once
swam with one whose tail was taller than I am). They
are found in the icy waters of the polar oceans and the
blood-warm waters of the tropics, on the mudflats
and intertidal zones of mangroves and more than
eight kilometres below the surface in the darkness
and bone-liquefying pressure of the Mariana Trench.
But this remarkable diversity is only the tip of the
iceberg. Over the past two decades, researchers have
amassed an impressive body of evidence that fish
not only think and feel, but exhibit complex social
behaviours and sophisticated cognitive abilities, are
capable of learning, problem solving and tool use, and
possess culture and even the sort of self-awareness
previously assumed to be restricted to primates, dolphins, elephants and a few species of birds.
These discoveries demand we rethink not just
our assumptions about the cognitive capacities of our
finned cousins, but challenge our ideas about what intelligence is – and how it can be tested and identified.

O

ne of the leading figures in this
emerging space is Macquarie
University behavioural ecologist,
Culum Brown. Brown’s early research was on rainbowfish, small
river fish native to Australia, New Guinea and Indonesia. A popular aquarium species, rainbowfish possess

Staying together to avoid
predators (above), a mixed
school including French grunt
(Haemulon flavolineatum),
bluestriped grunt (H. sciurus)
and porkfish (Anisotremus
virginicus) sweep under a
coral ledge. Traditionally,
fish aren’t assigned curiosity,
but dive photographers’
encounters with individuals –
such as the queen angelfish
(opposite top; Holacanthus
ciliaris) and king angelfish
(opposite below; H. passer)
– consistently suggest
otherwise.
Previous pages: spellbindingly
balletic, a swirling school
of bigeye trevally (Caranx
sexfasciatus) encircle a diver
in waters off Tulamben, Bali.
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it was its air of purpose, the sense I was being monitored and observed. There was no question this fish
was there, a living presence with its own intentions
and agenda.
Anybody who spends time in the water will have
had similar encounters. But despite them, fish are
generally dismissed as creatures of little wit or feeling, and almost never subjects of moral concern.
When we do think of them, it is as food, or less commonly, pets of a purely ornamental kind. Pescatarians
who regard slaughtering a cow or a pig or a chicken
as unutterably cruel happily consume fish as if they
are little different to vegetables. Even our everyday
language erases their particularity: we speak of one
fish or many fish, as if they are so interchangeable it
is not worth according them a plural form. Yet these
assumptions elide a world of astonishing complexity.
Fish first evolved over half a billion years ago,
and have endured because they are supremely
well-adapted to their environments. They are also
extraordinarily diverse, the 34,000 identified species of fish making up fully 60% of all vertebrate
species – more than mammals, birds and reptiles
combined. Fish range in size from the minute Paedocypris progenetica, which is found in the peat swamps
and blackwater streams of Sumatra and Bintan, and
measures a mere 7.9 millimetres in length, to the immense whale shark, Rhincodon typus, which grows to

(FROM TOP) KEN KIEFER 2, MARRIO31/GETTY IMAGES

FISH COGNITION

that peculiarly piscine combination of nervousness
and glassy regard that tends to lead humans to dismiss
the idea they might be intelligent.
Yet Brown’s work revealed rainbowfish have
complex social lives and hierarchies, are capable of
learning to avoid dangers such as predators and traps,
and – perhaps most surprisingly – of passing these
techniques on to other rainbowfish. Nor are these
abilities rudimentary: experiments show rainbowfish
learn to associate signals with food three times as fast
as rats and twice as fast as dogs.
Brown’s early research also added to the growing
body of evidence that, contrary to the old joke about
goldfish, many fish have excellent long-term memories. Indeed when tested again almost a year later,
rainbowfish responded as if no time had passed.
Similar abilities have been observed in many
other species of fish: tilapia taught to associate a
signal with netting, for instance, remembered the
signal and responded accordingly 75 days later, while
gobies, which form highly detailed mental maps of
the tidal pools in which they live, recall the location
of neighbouring pools for at least 40 days after being
removed from their original home.
Even more importantly, though, Brown’s research demonstrates that not only are fish capable of
remembering, they are capable of learning from each
other through observation and interaction, meaning
information can be passed between individuals and,
even more significantly, between generations.
At one level these discoveries should not come as
a surprise. As Brown points out, “we’ve known about
social learning and cultural transmission in animals
for 60 years. Everybody looked for it in chimps first,
because they’re so much like us. But since then the
search has cascaded through nearly all the animal
taxa, to the point where I think it would be fair to say
social learning and cultural traditions are present in
almost all animals.”
Perhaps unsurprisingly, many of the known
examples of social learning in fish relate to food
acquisition. Archerfish learn their famous ability to
shoot insects from the air by firing water from their
mouths after observing the hunting techniques of
older fish. Similarly tigerfish in Schroda Dam in
South Africa have learned to prey on swallows that
fly close to the water’s surface by leaping out of the
water to grab them as they pass, an adaptation unique
to this particular population, and one that has spread
socially between the fish.
But fish also learn foraging and migration routes
from each other. French grunts and bluehead wrasse
have both been shown to pass information about
migration routes from one generation to the next,
the older fish teaching the younger the best paths to
take. But as with human culture, this form of cultural
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Surrounded by smaller
oceanic congregants, a whale
shark (Rhincodon typus) lopes
by, mouth open to filter-feed
in typical fashion. The world’s
largest extant fish may
surpass 10m in length and a
century in years; it’s found
in all tropical and temperate
seas. Despite its size it feeds
only on plankton and poses no
risk to other mature fish or to
humans; juveniles are gentle
and have been recorded
“playing” with divers. Whales
sharks are famously slow
movers: about 5–6 km/h suits
them fine.
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FISH POSSESS INDIVIDUAL
PERSONALITIES AND
AFFINITIES, AND CAN
FORM ATTACHMENTS
TO EACH OTHER
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t ransmission is highly vulnerable to disruption, with
studies showing this knowledge can be quickly lost if
the individuals that possess it are removed from the
group.
Like other social animals, fish also possess individual personalities and affinities, and can form
attachments to each other. A recent study by Brown’s
lab discovered that the shy Port Jackson sharks
ubiquitous on the eastern Australian coast have
well-established social networks and seek out the
company of individuals of the same age and sex. In
other words, the sharks prefer to socialise with their
peers, as we do.
Nor are social behaviours restricted to recognition and attachment. Fish make choices about mate
selection on the basis of their observations of relative status within group hierarchies. They also often
employ cooperative behaviours, especially when
hunting – yellowtail kingfish (known in the US as
amberjacks) off the Californian coast have been observed using U-shaped formations to separate out
and trap groups of prey fish, behaviour that resembles the hunting techniques of mammals such as
wolves and dolphins.
Co-operative behaviour also extends into other
aspects of the lives of many fish, in particular species
of cichlids that collaborate to protect and raise young.
They are also quite capable of punishing fish that do
not behave appropriately. When approaching potential predators, sticklebacks use a distinctive stop-start
swimming motion to share the risk by taking turns at
the front. But if an individual is reluctant to take the
lead, or cheats by hanging back, its schoolmates will
refuse to cooperate with it in future, meaning the
sticklebacks recall the identity of malingerers and
remember they are not to be relied upon.
Although these sorts of behaviours have only been
observed in a relatively small number of species, it is
likely they are widespread – as Brown emphasises, the
practical obstacles to detailed study of fish means our
understanding of their lives is extremely limited. But
these examples make it clear many fish inhabit social
worlds at least as rich as those of mammals and birds.
Comparing the intelligence of different species is
notoriously difficult, but there is no question managing such social complexity is cognitively demanding,
and suggests many fish possess considerably higher
levels of cognition than is often assumed. Yet what of
other behaviours that are often regarded as markers
of high intelligence such as tool use?
The generally accepted definition of tool use requires an animal to grasp something and use it to
manipulate another object or organism. For fish, which
lack grasping appendages, such behaviour is effectively
impossible, a problem compounded by the physics of
the underwater environment, which makes it difficult
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Who’s watching whom?
Many species seem to keep
an eye on humans: from
metre-long humphead wrasse
(right; Cheilinus undulatus)
in coral waters of the IndoPacific, to (opposite, from top)
tuskfish, Clark’s anemonefish
(Amphiprion clarkii),
and honeycomb grouper
(Epinephelus merra). Anybody
who spends time in the water,
says author James Bradley,
understands that a fish is “a
living presence with its own
intentions and agenda”.
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“WHEN GOODALL AND
OTHERS CAME UP
WITH A DEFINITION
OF TOOL USE, IT HAD
NOTHING TO DO WITH
APPENDAGES”
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to strike objects together or engage in fine control,
both actions basic to many forms of tool use on land.
Yet despite this, many fish engage in behaviours
that seem to closely resemble tool use. A number of
species of wrasse and tuskfish have been observed
using rocks as anvils to crush sea urchins or break
open shellfish. Likewise, a group of Atlantic cod in
an aquaculture facility in Norway recently took to
stealing food from an automatic dispenser after they
realised tags attached to their bodies could be used
to activate it.
To Brown, the refusal to treat such innovations as
tool use says more about our definitions than it does
about the behaviour. Instead, he argues, the emphasis
upon grasping is fundamentally misconceived, and a
reflection of the emphasis upon behaviours observed
in apes and monkeys.
“What’s interesting is that when [primatologist]
Jane Goodall and others came up with a definition of
tool use it had nothing to do with appendages; instead
it was all about using an object to achieve a goal. But
then the whole concept got hijacked by the primatologists, who substituted a primatecentric definition.”
Brown contends Goodall’s original definition was
correct, and the most important element in tool use is
the intention of the animal, its desire to achieve a goal
that might elude it without the tool.
This emphasis upon intentionality and the manipulation of the environment opens up a broader
approach to our understanding of the evolutionary
origins of such abilities. “There’s obviously a lot of
overlap between building nests and using tools,”
Brown says. “Both of them are clearly about manipulating the environment in a way that enhances your
fitness, so you’re either more reproductively successful, you’re getting more food, or you’re safer from
predators and other environmental stresses.”
This shift in approach is particularly relevant to
fish, at least 9000 species of which build nests. Sometimes these structures are relatively simple: certain
species of wrasse, for instance, create mucous cocoons in which to shelter while they sleep, and some
eels, gourami and bettas, such as the Siamese fighting fish, use oral secretions to create raft-like bubble
nests in which they secrete their eggs. But many species also build structures to protect eggs and young
or to provide shelter while they sleep. Sometimes,
as with the mounds of coral that triggerfish create to
hide within, these structures can seem primitive or
haphazard. But as Brown observes, appearances can
be deceptive.
“It isn’t simple or boring behaviour. It’s often seriously sophisticated. If you’re building an igloo out
of coral rubble that’s going to protect you it has to be
structurally complex enough that it won’t fall down
around your ears.”
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Schooling, swimming or
(apparently) snarling, piscine
“otherness”, including their
habitation of a medium in
which humans can’t survive,
might be the greatest barrier
between them and us. But
our fascination with species
such as the great white
shark (above; Carcharodon
carcharias) and shortnosed unicornfish (opposite
below; Naso brevirostris) is
undiminished.
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n 2006, scientist Redouan Bshary noticed
groupers in the Red Sea approaching
moray eels and performing a distinctive
head-shake, or shimmying motion, to attract a moray’s a ttention. That done, the
tropical odd couple of grouper and moray would head
off together in search of prey.
Fast-moving predators, groupers excel at catching fish in open water, but often lose prey when it
takes shelter in holes or under rocks. The long, sinuous bodies of morays, on the other hand, are perfectly
adapted to catching fish in crevices, but often lose
them if they flee into open water. Working together,
the groupers and morays in combination were able to
cut off all routes of escape for their prey, making them
far more effective than either in isolation. Bshary
later observed groupers teaming up with humphead
wrasse as well, using the much-larger humpheads’
ability to suck prey from crevices with their powerful
jaws to complement the groupers’ open-water skills.
Interspecies cooperation of this sort is incredibly rare, and has only been observed in a handful of
species of mammals and birds. Yet Bshary quickly
realised the groupers also seemed to be engaging in
another, even more surprising behaviour: in cases
where they trapped prey somewhere inaccessible,
the groupers would stop and perform an unusual

headstand over its location, seemingly pointing in an
effort to attract the attention of morays.
As anybody who has tried to direct the attention
of a dog or a cat by pointing at an object knows, referential gestures that seem natural to humans are
nothing of the sort. Indeed, while there is some evidence Australian magpies can understand them, and
some dogs are able to learn to respond correctly, the
only non-human species known for certain to understand referential gestures are chimpanzees and
ravens. Even human children only become capable of
using and understanding referential gestures around
their first birthday.
As the roll call of creatures capable of using them
suggests, referential gestures seem to be associated
with high intelligence. As a result, biologists have
developed a five-fold test to determine whether
behaviours are genuinely referential. The gesture
must be directed towards an object; it must be communicative rather than mechanically effective; it
must be directed at a recipient or potential recipient,
whose response must be voluntary; and – perhaps
most importantly – it must exhibit the hallmarks of
intentionality.
With this in mind, Australian scientist Alex Vail
set out to establish whether coral trout – close relatives of the groupers that live on the Great Barrier
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VAIL’S WORK
SHOWED THE
FISH DON’T
JUST LOOK
LIKE THEY’RE
POINTING,
THEY ARE
POINTING.
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Reef and engage in similar behaviour – met all five
criteria. And as quickly became clear, they do. In
other words, the groupers and the trout don’t just
look like they’re pointing, they are pointing.
Vail, who now works as a cameraman on major
natural history projects such as Blue Planet 2 and
Netflix’s Our Planet, admits he was not hugely surprised by the results: having grown up at the Lizard
Island Research Station on the Great Barrier Reef, he
has been diving with coral trout all his life and has no
doubt they are highly intelligent.
Yet he’s also cautious about overstating the scientific implications of the referential behaviour,
emphasising that, like tool use (which it resembles
in many ways), it is possible to understand it as an
evolved response to ecological need rather than a sign
of generalised intelligence. “Animals know what they
need to do to succeed in their environment,” he says.
“But that can be because they’re responding to environmental stimuli, or they can be doing it with a bit
more understanding of their actions. In the end we
went with the more cautious interpretation because
it was more defensible, but even interpreting that
way we had a hard time getting the paper published,
because most of the people reviewing it were primatologists who aren’t keen on the idea fish might be
able to do the same things as their beloved primates.”

he tension between primatologists
and researchers studying the behaviour of fish has come to a head
over a study of cleaner wrasse.
Small, highly social fish native to
coral reefs from the Red Sea to the Pacific, cleaner
wrasse maintain “cleaning stations”, which other fish
visit in order to have the wrasse remove dead skin
and parasites. These stations are extremely popular,
attracting large numbers of regular clients as well as
more casual visitors.
Yet while the wrasse are skilled at their job, they
are not entirely trustworthy, and will sometimes seek
to supplement their diet with a mouthful of live skin
and mucus.
Unsurprisingly the wrasses’ clients often respond
badly. So the wrasse choose their victims carefully,
only ever biting non-predatory species that are unlikely to retaliate by attacking or eating them. They
also distinguish between regular clients and new clients, giving priority to newcomers and rarely nipping
them, presumably to avoid scaring off a fish which
might have the potential to become a regular client.
But the sneakiness of the wrasse doesn’t stop
there. Not only are they less likely to bite clients if
they know other fish are watching, they often attempt to manipulate fish that respond badly to being
nipped, chasing after them and rubbing their backs
and pelvic fins to mollify them. They even seem to
understand the relationships between different client
species, and if pursued by an irritated client will swim
toward a predator of that species to prevent them
chasing them further.
This Machiavellian behaviour suggests cleaner
wrasse possess the capacity to attribute mental states
to other fish and respond accordingly, a concept
known as “theory of mind”, which implies self-awareness previously only observed in a handful of primates,
dolphins, elephants and a few species of bird.
With this in mind a team led by Japanese scientist
Masanori Kohda decided to test whether wrasse were
capable of passing the mirror test – long regarded as
proof an animal is self-aware – by recognising their
reflection. Placed in a tank with a mirror, the wrasse
initially reacted with the sort of aggression they would
usually direct at a rival, but subsequently abandoned
these behaviours in favour of unusual activities such
as swimming toward the mirror upside-down, before
finally settling down into non-aggressive postures to
gaze at their reflections. Interestingly this sequence
of behaviours is almost exactly the same as that observed in other species that have passed the mirror
test, although spaced over several days rather than a
few minutes or hours.
Kohda’s team then removed the wrasse from the
tank, anaesthetised them and placed a mark on their
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faces or necks before returning them to the water.
Once again the wrasse responded similarly to other
animals that have passed the test, first assuming postures that allow them to examine the mark, and then
attempting to remove it by scraping the affected area
against the side of the tank or a rock.
Many scientists have been highly critical of the
study, chief among them the mirror test’s inventor,
evolutionary psychologist Gordon Gallup, who argues the behaviour of the wrasse is ambiguous, and
cannot be taken as evidence the fish recognise themselves or possess the self-awareness that implies.
Barbara Reiss, whose work with dolphins showed
they were capable of passing the test is similarly
sceptical, suggesting the fact the mark resembled a
parasite, which the wrasse are hyper-evolved to detect, may have skewed the results.
Culum Brown is not impressed. “The mirror test
has been the gold standard for individual recognition
for 50 years. When primates passed people said, ‘Oh
yes, of course’. Then when a dolphin passed they said, ‘I
guess that makes sense’. And when some corvids passed
they said, ‘Okay, maybe; corvids are pretty smart’. But
when a fish passes, suddenly the test must be broken.
It’s kind of mind-boggling, but it just goes to show that
even scientists have these massive biases.”
Alex Jordan, an evolutionary biologist and leader
of the Comparative Evolution of Social Behaviour
Research Group at the Max Planck Institute of Animal Behaviour in Konstanz, Germany, and senior
author of the Kohda paper, is even less diplomatic.
“If passing the mirror test is evidence of self-awareness in chimps and elephants and dolphins and all the
other animals you pay $10 to see in the zoo, then if a
fish passes you either have to accept it’s self aware or
– pardon my French – your test is f**ked.”
So are the wrasse self-aware? Culum Brown
laughs and says that he has no doubt. “The social
complexity of the cleaner and client relationship
clearly illustrates the wrasse are extremely sophisticated, so is it really surprising that they’re capable of
self-recognition as well as recognising all those other
different species? Probably not. Probably it’s part of
a generalised social intelligence thing that includes
self-recognition.”
Jordan is more circumspect, arguing 
scientists
who see self-recognition as clear evidence of selfawareness are over-interpreting the results of a flawed
test. “The mark test isn’t unequivocally telling us that
an animal has theory of mind.” Instead he says it is
possible the wrasse learn by a process of association
that the mirror reflects their world and thus how to
use it as a tool. “That would be a very interesting and
amazing finding, and extremely cognitively complex.
But it wouldn’t involve self-awareness, and all the
other behaviours we observed could flow from that.”
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hat would it mean for a
fish to be self aware? What
might it be like to be a fish?
A century ago the German
biologist Jakob von Uexküll coined the term umwelt – literally “surrounding
world” – as a way of capturing the way different organisms inhabit different realities, each defined by
their particular sensory world.
The world of a fish, its umwelt, is radically different from our own. Fish inhabit a liquid environment,
a weightless world of currents and eddies, and like
birds in the air, float in three dimensions rather than
the two-dimensional world ground-based animals like
ourselves take for granted (although their awareness of
depth is extremely acute, presumably because of the
potentially fatal consequences of misjudging pressure).
Their sensory worlds are also far richer than ours.
Although the basic physiology of fish and human eyes
is similar, many fish possess extra receptors granting
them tetrachromatic vision, and allowing them to see
wavelengths we cannot. In some – especially freshwater fish – this allows them to see into the infrared,
making it easier for them to see in the muddy, redshifted waters of rivers and lakes. Others are able to
see ultraviolet light and some can detect polarised
light. Some even have visual worlds that change
across the course of their lives: the eyes of salmon, for
instance, are calibrated to see blues better when they
are in the ocean and reds better when in freshwater.

Most fish also have excellent hearing: the American shad is able to hear sounds up to 180,000 Hz,
nine times the range of human hearing, presumably so they can detect the ultrasonic vocalisations of
the dolphins that predate them, while other fish use
infrasound to assist with migration, allowing them
to hear the subterranean rumble of the tides and the
movement of water as it breaks and flows against underwater terrain and the shore.
Alongside hearing and vision, fish also use
chemoreception to smell chemical traces in the water
around them. In most cases this is done using cells in
the nostrils, although some species, like catfish, have
receptors spread across their entire bodies, allowing
them to taste anything they touch.
These chemoreceptors are often extraordinarily
acute. Sometimes they are used for hunting. Sharks,
for instance, can detect blood in amounts as low as
one part in a million, allowing them to scent prey over
long distances; an indication of the importance of this
ability can be found in the fact that in great whites an
astonishing 14% of their total brain mass is devoted
to olfaction. Chemoreceptors also play an important
part in migration: salmon learn the smell of stream in
which they are born; later they follow the threads of
that scent back to the same stretch of river.
Some fish also inhabit sensory dimensions entirely
alien to our human experience of the world, possessing magnetoreceptors that allow them to follow the
lines of force generated by Earth’s magnetic fields or

Are fish self-aware? Yes, say
many researchers, who are
satisfied that cleaner wrasse
– juvenile bluehead wrasses
(opposite bottom; Thalassoma
bifasciatum) shown here
with an ocean surgeonfish
(Acanthurus bahianus) – have
passed the “mirror test”: “the
gold standard for individual
recognition for 50 years”,
according to Macquarie
University biologist Culum
Brown. French angelfish
(opposite top; Pomacanthus
paru) tend cleaning stations
as juveniles. There’s also
evidence of cross-species
co-operation: roving coral
groupers (Plectropomus
pessuliferus) and giant moray
eels (above; Lycodontis
javanicus) have been observed
hunting together in the Red
Sea. The groupers are fast in
open water; the eels excel if
prey hides in rocky crevices –
a formidable combination.

Issue 89 COSMOS – 65

FISH COGNITION

66 – COSMOS Issue 89

“there are many, many paths to many, many different
places. To argue there’s just one developmental scale
of cognition and that’s the way a fish or a bacterium
or a plant or any other thing interacts with the world
is just narcissism.”

R

ecognising fish for what they are
might shift our perspective in
other ways as well. Trapped in
our humanocentric viewpoint, we
tend to conceive of intelligence
and culture as relatively recent developments, ways of
being in the world that only appeared with the advent
of hominids like ourselves. Yet the jawed fish that exist
today first appeared in the Silurian period: their existence stretches back hundreds of millions of years.
Imagining intelligence spread across such oceans of
time cannot help but alter our understanding of our
own significance and relationship to other species.
It also demands we think again about our attitudes to fish, why it is so difficult for us to think of
them as creatures with their own minds and ways of
being in the world. There is no question that it is at
least partly because of their otherness and unfamiliarity. But might it not also be because thinking of them
as conscious is just too confronting?
In the absence of detailed records, we cannot
know for certain how many fish humans kill a year,
but studies suggest they number in the trillions. Most

“Can we even start to
comprehend such a radically
different way of being?”
asks author James Bradley.
Whatever the answer, many
of us are in thrall to the
ocean’s citizens. Divers travel
from all over the world for
the experience (above) of
swimming with massed bigeye
trevally (or jackfish, Caranx
sexfasciatus) at Balicasag
Island, in the Philippines.
The dazzling mandarinfish
(opposite top; Syhchiropus
splendidus) is one of only two
known vertebrate animals
with blue colour because of
cellular pigment; the other is
its relative, the psychedelic
mandarin (S. picturatus).
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the ability to sense minute electrical currents. Even
more significantly fish are able to sense changes in
pressure and water movement using specialised cells
along their lateral lines. Known as neuromasts, these
cells resemble tiny hairs encased in gel, and assist
with schooling behaviours, allowing fish to respond
almost instantaneously to the movements of other
fish, even in the dark.
Can we even start to comprehend such a radically
different way of being? After all, many of us struggle
to imagine our way across lines of gender or culture.
What must it be like to exist in a world where
magnetic fields have dimension? To be able to see the
direction of light, or extend the boundaries of your
body’s perception by registering changes in pressure,
or tiny movements of water? Or to be part of a school,
moving in unison, one body amongst many?
Faced with the problem of such radical
subjectivity, many philosophers have argued
our minds simply cannot comprehend such
fundamentally different ways of being in the world.
Ludwig Wittgenstein suggested that “if a lion
could talk we could not understand him”; likewise
Thomas Nagel argued consciousness was essentially
subjective, meaning that not only is it impossible to
reduce the experience of consciousness to a purely
material explanation, but – in an echo of Uexhüll –
that there is no such thing as objective experience.
Yet even if we accept we can never truly know,
perhaps there are ways of at least beginning to intuit these other ways of being. Fish fall for many of
the same visual illusions as humans, suggesting similarities in our visual processing, and open-source
software now exists that allows ecologists to simulate the visual experience of other organisms.
Similarly, we share behaviours: sociality, curiosity,
memory, even culture. Perhaps it could be as simple
as actually beginning to look, to try to see them for
themselves.
But perhaps the real question is not whether we
can imagine their worlds, but what it might mean
for us to try. How might that change the way we see
them? How might that change us?
The philosopher Donna Haraway writes of the
importance of making kin with other species, of recognising our connectedness with the non-human
world. Making kin is not necessarily about recognising similarity, but about acknowledging difference,
strangeness: kin are, in Haraway’s words, “unfamiliar
… uncanny, h
 aunting”, and making kin demands we
reimagine our selves and our place in the world.
As Culum Brown suggests, mightn’t consciousness be better understood as something multi-variate,
a multi-dimensional space shaped by the sensory and
cognitive abilities of different species? A function,
in other words, of its umwelt? As Alex Jordan puts it,
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“TO ARGUE
THERE’S
JUST ONE
DEVELOPMENTAL
SCALE OF
COGNITION
IS JUST
NARCISSISM.”
of these fish die slow and agonising deaths, suffocating over several hours after they are hauled aboard.
Fish that are live-gutted tend not to suffer as long –
only 25 to 65 minutes on average – although as the
term “live-gutted” suggests, the relative brevity of
their distress comes at a price.
In this context, studies arguing fish cannot feel
pain seem not just misguided and anachronistic, but
self-serving. Studies make it clear we routinely downplay the mental abilities and capacity for suffering of
land-based animals we eat; is it so unlikely the same
psychological strategy is at work with fish? Perhaps
the time has come to reconsider our tendency to
emphasise intelligence rather than the capacity for
suffering as the basis of moral concern.
We need to recognise the urgency of this challenge. Alex Vail chose to work on coral trout on the
Great Barrier Reef instead of the groupers in which
the pointing behaviour was first observed because in
the six years between Redouan Bshary’s initial observations and Vail’s study the grouper population in the
Red Sea almost entirely disappeared.
This collapse is only a footnote to a catastrophe
of planetary proportions: a 2015 report by the WWF
estimated that between 1970 and 2010 the global fish
population dropped by a half, with populations of fish
species utilised for food falling by almost three-quarters. Warming waters are radically reshaping habitats
and migration patterns, while ocean acidification is

disrupting food chains, and affecting the bodies and
brains of many species.
Overfishing is even destroying the capacity of
some species to feed and migrate, as the removal of
the largest – and therefore oldest – individuals leads
to the loss of knowledge passed down over thousands
of generations.
“Effectively you’re destroying animal cultures
which are unlikely to be ever the same again,” says
Brown, who describes this process as “cultural genocide” and believes its consequences have probably
been underestimated. Yet studies also suggest that
fish populations can be restored through the creation
of marine reserves, and better regulation of fishing,
and there is still a narrow window within which to
save at least some of the world’s coral reefs.
Perhaps we will never truly understand the lives
of fish; maybe they are too different, too strange, too
fishy. But maybe by recognising their particularity,
their individuality, their capacity to think and feel
and learn, we might begin to see not just them, but
ourselves, differently. Perhaps we might, as Haraway
says, begin to make kin with them. Maybe by saving
them we might save ourselves.

JAMES BRADLEY is a novelist and essayist and the
Copyright Agency’s 2020 Non-Fiction Fellow. His
most recent novel, Ghost Species, is published by
Hamish Hamilton.
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First Australians’ animal
connections to the stars
JESSIE FERRARI and DUANE HAMACHER

In the traditions of Australia’s original astronomers,
the expanse of stars in the sky serves as a textbook, a
map, and a memory space for stories. Star stories are
encoded in law and lore, informing moral values through
song, dance, and songlines. These stories describe
the interactions of people, animals and the landscape,
which contain information necessary to understand the
world around us. They also play an important role in the
physical, mental and spiritual well-being of Aboriginal
and Torres Strait Islander people.
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σ Canis
Majoris

NGANURGANITY
(UNURGUNITE)

MARPEANKURRK
THE WOOD ANT

Arcturus

LAKE TYRRELL

(SKY) XIAOYE ZHOU/GETTY IMAGES. (ANT & LIZARD) STELLARIUM-WEB.ORG

THE ANT IN THE STARS
Long ago, the people of the mallee scrub faced starvation. A horrible drought came over the land and
dried up the rivers and billabongs. The plants began
to die and food was in short supply. A woman named
Marpeankurrk went out in search of food, but had no
luck. Upturned logs revealed no lizards or snakes and
no trees bore fruit.
She eventually saw an ant nest, squatted down,
and used her digging stick to turn up thousands of
larvae (called bittur). She tried one and found them
delicious. She grabbed as many as she could and took
them back to her people, who survived the drought
by feeding on the protein-rich food, which became
one of their favourites. When Marpeankurrk finally
passed away, the ancestors placed her in the sky as
the star Arcturus (Alpha Boötes).
This story comes from the Boorong people near
Lake Tyrrell in northwestern Victoria. The name

“Tyrrell” means “night sky”, and represents the
mirror reflection of the stars on the surface of
the salt lake. The Boorong, a clan of the Wergaia
language group, prided themselves on knowing
more about astronomy than other language
groups.
The position of Arcturus (a red-giant star that
reflects the ruddy colour of the ant) in the sky as
seen from the latitude of mallee country aligns with
the availability of the larvae as a food source. The
Boorong say that when Marpeankurrk appears high
in the northern sky after dusk in August, people can
begin collecting the bittur. When Marpeankurrk
sets just after the Sun at the end of September,
the larvae are now out of season and the season of
Cotchi (summer) begins.
The selection of Arcturus was a careful and considered choice of seasonal marker by the Boorong.
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TORRES STRAIT

• Ulur_u
PITJANTJATJARA

WERGAIA

• Lake Tyrrell

WOIWURRUNG

THE LIZARD AND THE QUOLL

70 – COSMOS Issue 89
87

Above: Rock art at Uluru
tells the story of the
Seven Sisters. Facing
page: the Wurundjeri
season of Waring is the
time when wombats seek
sunlight; in the Torres
Strait, the Milky Way is
the sand disturbed by
the foraging of Kaigas,
the giant shovelnose ray.

THE DINGO AND THE SEVEN SISTERS
The Anangu people of Uluru in the Central Desert
speak the Pitjantjatjara language. In their traditions, the Pleiades star cluster is Kungkarungkara,
representing Seven Sisters. It appears in the morning sky around the start of Wari season (late May to
July) – one of five seasons in the Anangu calendar.
The stars rise just before dawn in early June, when
the rising Sun erases them from visibility. This signals an important time relating to the dingo (known
in Pitjantjatjara as papa) breeding season.
In the Central Desert, dingoes start mating in
March, with gestation occurring over nine weeks
before litters of four or five pups are born. Dingo
births kick off in early June, coinciding with the
dawn appearance of the Pleiades. Dingoes were
useful to the Anangu: their pelts kept people
warm during cold nights, and pups served as a
protein-rich food source. They also served as companions and are featured in a wide range of stories,
songs, and dances across the desert.
In some traditions, the Seven Sisters keep a
pack of dingoes as protection from Wati Nyiru, the
man in the constellation Orion who chases them
across the sky, while their eldest sister Kampu
kurta fights him off with the aid of dingoes. You
can read more about these traditions in the book
Songlines: tracking the Seven Sisters.

(ROCK ART) DUANE HAMACHER

Another tradition from the Boorong people describes
the relationship between a quoll and a jacky lizard. In
the Western constellation Canis Major (the hunting
Sometimes
dog of Orion)
called the
lie largethree stars in a line: a fainter one
footed
in thebat,
middle
Myotiscalled
macropus
Sigma Canis Majoris, and two
is
brighter
one of only
stars
two flanking
Australian either side – Delta and Epsitypes
lon Canis
of “fishing”
Majoris.
bats. In
It Boorong traditions, the fainter
feeds
star is
by Nganurganity,
raking its feet across
a jacky lizard (Amphibolurus
the
muricatus),
surface of streams
and theand
two stars on either side are his
pools
wives.
to One
catchof
insects
the wives,
and the star Delta Canis Majoris,
small
is farther
fish. away from her husband than the other wife
and is toward the path of the Sun and Moon.
One day Mityan, the spotted quoll (Dasyurus
maculatus), fell in love with one of Nganurganity’s
wives and tried to take her away with him. Nganurganity attacked Mityan for his transgression,
bruising him badly. Mityan now wanders the heavens
as the Moon: his bruises have become the spots on the
quoll and the Moon’s dark marae.
Even though jacky lizards are food for the quoll,
they are quite aggressive during the mating season.
The lizard’s mating season occurs from October to
February, the period that its stellar counterpart is in
the sky after sunset.
In 2017, the International Astronomical Union’s
Working Group on Star Names officially approved
the star Sigma Canis Majoris to be named Unurgunite
after the Boorong tradition. However, the name is in
the process of being updated from the spelling recorded by William Stanbridge, to the correct name:
Nganurganity. It is one of six Aboriginal star names
currently recognised by the IAU and now appears in
the scientific literature by that name.

(WOMBAT) DAVID & MICHA SHELDON, (RAY) QLDIAN, (NIGHT SKY) ALEX TIZANO/GETTY IMAGES

THE WOMBAT SEASON
The stars are an important feature in Wurundjeri
traditions of the Eastern Kulin Nation in Melbourne,
serving as a marker for ecological patterns and seasonal changes. The Wurundjeri people traditionally
observe seven seasons, rather than the four imposed
by Europeans: these seasons were built around the
behaviours of important animals and plants, and are
signalled by the movements of the stars.
In the Woiwurrung language, Waring – the name
of the wombat (Vombatus ursinus) – is a period of
low temperatures and high rainfall, roughly equivalent to the colonial concept of winter. During this
time wombats emerge from burrows to bask in any
available sunlight and graze on grass. Normally,
wombats are nocturnal, foraging and digging for
food. But during the Waring season, this otherwise
rare daytime behaviour is fairly common.
During the middle of the Waring, daylight
reaches its lowest of the year as the Sun moves towards winter solstice. This period is heralded by the
appearance of the stars in the constellation Sagittarius, which rise in the southeastern sky at dusk in
early June. This tells the people the Waring season
is half over.

THE RAY IN THE MILKY WAY
Meriam artist Tommy Pau, of the Torres Strait
(Zenadh Kes), explains how careful observations of the
stars by Lu Giz (ancestors) guide traditional knowledge of nature, informing the people about when to
plant and harvest gardens, fish, hunt game, and perform ceremonies. Some of the constellations form
various animals, including Beizam the shark and Gep
the suckerfish. Tommy focused on the importance of

THE SEVEN
SEASONS OF
THE WURUNDJERI
1. Biderap (dry season):
January to February
2. Luk (eel season): March
3. Waring (wombat
season): April to July
4. Guling (orchid
season): August
5. Poorneet (tadpole
season): September
to October
6. Buath Garru (grass
flowering season):
November
7. Gunyang (kangarooapple season):
December

the stars to the Torres Strait Islanders in his linocut art
exhibition Ad Wer (Story of the Stars).
In the western islands, the giant shovelnose
ray (Glaucostegus typus) is called Kaigas in the Kala
Lagow Ya language. The ray kicks up dirt and silt as
it scours the sea floor around reefs in search of food.
The ray is found in the night sky as the Milky Way,
which is called Kaigasiu Usu. This refers to the region
of the galactic bulge (the centre of our galaxy) in the
constellation Scorpius. Meriam elder Alo Tapim has
explained that usu means “dirty water”, so the Milky
Way represents the dirty water kicked up by Kaigas.
Elders from Boigu Island in the northern Torres
Strait teach that Kaigasiu Usu is a seasonal indicator
of ocean currents. When the head of the ray “looks”
to the east, the currents will be running to the west.
When the head is in the south, the current will be
running to the east: important information for oceanic navigation.
Learn more at www.aboriginalastronomy.com.au

JESSIE FERRARI is a Yorta Yorta person in the fourth
year of a BSc in Ecology and Evolutionary Biology
at the University of Melbourne. DUANE HAMACHER
is Associate Professor of Cultural Astronomy in the
ASTRO-3D Centre of Excellence and the School of
Physics at the University of Melbourne. He is also a
member of the IAU Working Group on Star Names.
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GOOD
KR LL
HUNTING

Dinner and a show: gentoo
penguins chasing krill.
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Antarctica’s most iconic animals depend
on the tiny, prolific and surprisingly
charismatic krill. ANDREW BAIN reports
on the research into this seemingly invincible
crustacean and its now uncertain future.

N A LABORATORY beneath the long wings
of the Australian Antarctic Division (AAD) in
Hobart’s southern suburbs, krill biologist Rob
King is lit by the glow of eight long tubes of
radiant water. Each 120-litre tube, filled with billions
of red or green Antarctic phytoplankton, gleams as
luminously as traffic lights. If you didn’t know better,
you might mistake them for sports drinks.
“They are sports drinks,” says King. “They’re
sports drinks for krill.”
These tubes represent the largest volume of
Antarctic phytoplankton outside the Southern
Ocean. They’re a mesmerising sight, but the
microscopic, single-celled plants aren’t here for their
beauty. They’re here to feed the 40,000 Antarctic
krill (Euphausia superba) that skitter about in tanks
in the two adjoining rooms that make up the world’s
largest krill aquarium.
Now, King skims a small aquarium net across
the surface of one of the 2000-litre tanks, scooping
up krill and checking their transparent carapaces for
signs of eggs. In a way, he’s checking the future health
of the Southern Ocean. These eggs are crucial to our
understanding of Antarctic krill’s resilience against a
changing planet – and Antarctic krill are pretty much
crucial to everything about the Southern Ocean.
There, the food chain is typically short and
simple. Antarctic krill feed on phytoplankton (and
smaller amounts of zooplankton), while the ocean’s
charismatic megafauna – baleen whales, seals and
penguins – feed on krill. In a year, up to half of
the Southern Ocean’s krill is devoured by other
creatures; a blue whale alone might eat four tonnes
of krill in a day. And yet the krill population routinely
replenishes itself.

Such resilience and the weight of numbers
might suggest an invincibility, but there are very
real and familiar threats to this massive population.
Studies have found that oceans absorb more than
30% of global carbon dioxide emissions, converting
them into carbonic acid – the weak acid found in
carbonated soft drinks. Carbon dioxide dissolves
better in cold water, meaning the frigid Southern
Ocean has absorbed about 40% of those emissions.
What impact is this acidification having on
Antarctic krill and subsequently all of the ocean life
that feeds on it? Finding the answer to that question
has been the krill aquarium’s recent focus.

TANK TIME

Watch a swarm of Antarctic krill swimming around,
and these tiny crustaceans look touchingly fragile.
Though they’re among the largest of the 85 known
krill species, they grow only to about six centimetres
in length, with transparent, prawn-like bodies and
legs that treadmill frantically through the water.
And yet they’re also thought to be the most abundant
multicellular animal species on Earth.
A single Antarctic krill weighs about one gram,
but the collective biomass of the species is estimated
at up to 400 million tonnes. That equates to about
400 trillion Antarctic krill in the Southern Ocean, or
about 52,000 for every human on the planet.
“Most people don’t realise that there are thought
to be more Antarctic krill on Earth than any ant or fly
species,” King says. “It’s a colossal biomass. I once did
a back-of-the-envelope calculation, and the biomass
of humans came out similar to Antarctic krill.”
Dipping into this biomass each year are the AAD’s
research vessels, which collect around 25,000 krill
Issue 89 COSMOS – 73

annually to stock the aquarium. Though scientists on
the ships conduct research at sea, the presence of the
Hobart aquarium allows for more longitudinal studies.
“The key thing this aquarium gives us is longterm research capability,” says King. “Krill aren’t
sexually mature for two or three years after they’ve
been spawned, so you can’t do everything you need
to do in terms of krill research just on a voyage. You
need to have them captive and be able to run multiyear experiments on them.”
Despite seven nations claiming parts of
Antarctica, and more than 30 maintaining Antarctic
research stations, there are only two Antarctic
krill aquariums in the world – the one in Hobart
and another inside a public visitor aquarium in the
Japanese port city of Nagoya. The AAD aquarium is
the only one devoted to scientific research.
“There have been many, many experiments
here that have contributed to an increase of krill
knowledge,” King says. “No one knew krill lived so
long until we built the very first aquarium here. The
oldest krill was something like 11 years old – his
name was Alan.”
Today’s facility is a far cry from the aquarium’s
origins in the 1980s, when the MS Nella Dan would
return from Antarctica with a krill-filled bucket
of seawater in a fridge. Some of the AAD’s first
papers on krill came from this bucket science, but
it was soon decided that more sophisticated lab
equipment and aquarium structures were needed.
In about 1993, just as King started at the AAD, a
recirculating aquarium was built, holding up to
2000 krill in a room chilled to 0°C – comfortable for
krill but not scientists.
“It was still essentially just a big fridge, and we all
wore freezer suits in there and it was a horrible place
to work,” King recalls. “You were actually in worse
conditions than a lot of our people on stations in
Antarctica, who were working inside.”
Six years later King began work on a new
aquarium, which continues to operate almost two
decades on. The lab’s air temperature is a comfortable
18°C, while titanium heat exchangers maintain the
water temperature at around 0.5°C in a series of tanks
with a total capacity of about 30,000L. It’s a complex
and elaborate set-up, with light, temperature and

Australian Antarctic Division
(AAD) researcher Rob King
(top) checks residents in
one of the krill lab’s 2000L,
temperature-controlled
holding tanks. Keeping krill
well fed requires a constant
source of phytoplankton
(bottom).

DID YOU KNOW?
A single Antarctic krill can
eat more than one billion
phytoplankton each day.
Like trees, the age of
Antarctic krill can be
determined by counting
the band markings within
their eyestalks.

“There have been many, many experiments here that
have contributed to an increase of krill knowledge.
No one knew krill lived so long until we built the very
first aquarium here. The oldest krill was something
like 11 years old – his name was Alan.”
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biological filtration designed to replicate Antarctic
conditions: “keeping the krill in the manner to which
they’re accustomed,” King jokes.
Researchers in the aquarium quickly learned that
adult krill can control the pH inside their bodies,
countering the effects of acidification. Krill eggs,
however, haven’t shown such flexibility, and so the
eggs have become the focus of the ongoing research.
When krill arrive in Hobart, they’re placed into
2000-litre holding tanks in one room of the aquarium.
In Antarctica, the intensely seasonal light dictates the
krill’s reproductive states, so the room is divided into
three light zones, allowing researchers to control and
spread the timing of spawning.
In these tanks, scientists monitor the krill’s
reproductive maturity stages. When a female fills
with eggs – krill lay up to 7000 at a time – and looks
ready to spawn, she’s transferred into a jar with a
mesh grille across the bottom.
“When she spawns, the eggs sink through the
mesh and you can collect them without her kicking
the hell out of them, because their eggs are designed
to sink in the Southern Ocean,” King says. “Krill eggs
are spawned at the surface then sink a kilometre deep
before they hatch and swim back over the next three
weeks. If we didn’t have that mesh in the bottom,
the female would hit them and they’d break up and
wouldn’t hatch.”
The eggs are taken from the jar and hand-counted
before being moved to tanks in the second room. Here
the water chemistry is manipulated, creating up to six
different concentrations of dissolved carbon dioxide,
based on forecasts from the Intergovernmental
Panel on Climate Change (IPCC) about future carbon
dioxide levels.
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SMALL
WONDERS:
KRILL
The krill genome –
the amount of genetic
information in every cell
– is around 12 times larger
than the human genome.

(KRILL) 3DRENDERINGS/GETTY IMAGES

Adults are negatively
buoyant (heavier than
seawater), so they
must constantly swim
to stay afloat – a huge
energy expense in
an environment with
limited food.

Krill are bioluminescent: they’re
sometimes referred to as “lightshrimp”. Specially adapted
organs throughout their body
emit a glow, including their
eyestalks. The light’s purpose
isn’t fully understood, though
scientists guess camouflage or
communication.

All krill species have five pairs
of bristle-covered legs called
“swimmerets”, which propel the
animal through the water.

The tanks are also adjusted to three different
temperatures, replicating predicted warming
scenarios that will be experienced by eggs as they
sink in the Southern Ocean. By good fortune, the
development of eggs is reliant on chemical changes
rather than hydrostatic pressure – the weight of
water and gravity – as they descend in the ocean.
“In the laboratory, we found that you just need a
centimetre of water, give them the right temperature
and don’t shake them about too much, and they’ll
hatch,” King says. “So we haven’t had to replicate the
hydrostatic pressure in the lab, which is a good thing
because that would be an unpleasant safety concern.”
(Hydrostatic pressure is one atmosphere at the
surface, and 100 atmospheres at one kilometre depth.)
Research has revealed that krill eggs will start to be
affected once the average atmospheric carbon dioxide
level reaches and exceeds 1250 parts per million
(ppm). Currently it sits at around 409ppm. Those

To survive winter, Antarctic krill can shrink their
bodies and lose their sexual characteristics,
essentially becoming juveniles again.

A krill’s skeleton is
on the outside of its
body. Juveniles shed
this rigid exoskeleton
every 13–20 days,
replacing it with a
larger one growing
underneath.

Krill can escape predators
by rapidly contracting their
abdominal muscles and thrusting
water away with their flattened
tails. Successive contractions
produce a powerful backstroke
away from danger – a manoeuvre
known as “lobstering”.

Rob King
AAD krill expert and
biology lead in the design of
Australia’s new icebreaker,
RSV Nuyina

two numbers might seem refreshingly worlds apart,
but carbon dioxide levels are lower in the atmosphere
than in the ocean, where organic material and dead
creatures sink, carrying carbon down to depth.
“Supposing we have 409 ppm in the atmosphere
at the surface, it quickly spikes to around 550 ppm at
about 200 or 300 metres in the Southern Ocean,” King
says. “If we have business-as-usual emissions to the year
2100, we’d end up with 950 ppm in the atmosphere and
1500 ppm at the hatching depth of krill.”
It doesn’t take a genius to work out what would
happen to the krill population – and to every other
marine creature that depends on it for sustenance –
were that bleak scenario to unfold. But it does take a
scientist.

WHALE TALES

Think krill and it’s likely that you automatically think
whales. Ten whale species are found in Antarctic
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CSIRO’s RV Investigator, below, has echosounders that allow
3D-mapping of krill: the image at bottom shows a swarm

waters, six of which are baleen whales – they use
keratin plates called baleen to sieve their small prey
from the water. Antarctic blue whales feed almost
exclusively on krill, so whatever affects the tiny
crustaceans will inevitably also affect the largest
animals ever known to have existed.
Research into krill can also mean research
into whales. On the AAD’s most recent scientific
expedition, the 2019 ENRICH voyage, the
RV Investigator motored from Hobart with
28 international scientists aboard. They employed
the tactic of using Goliath to find David – they tracked
blue whales in order to find dense swarms of krill.
To do this, marine mammal acoustician Brian
Miller dropped military-style sonobuoys into the
ocean about every 30 nautical miles (55km). Antarctic
blue whales are the loudest animals on the planet –
albeit at a frequency mostly inaudible to humans – and
even as the first sonobuoys were dropped just outside
of Tasmanian waters, blue whales could be heard up to
1000 kilometres away. With enough sonobuoys in the
water, Miller could triangulate the position and find
the calling whales, which led them to krill swarms.
On this voyage, scientists used multibeam
echosounders to create a three-dimensional model of
one of these massive swarms – 400 metres long, 200
metres across and 100 metres deep. Even that was small
compared to a krill swarm encountered on the AAD’s
voyage along the Kerguelen Axis three years earlier.
“That was a nautical mile [1.85km] long and a
nautical mile wide and about 100 metres thick,” King
says. “We calculated it out at being 200,000 tonnes of
krill. And around that school there were an estimated
100 humpback whales.”
These swarms were the focus of much of the
ENRICH voyage’s work, with scientists trying to
ascertain the characteristics of the particular swarms
76 – COSMOS Issue 89

“Because whales consume so much, it’s an
enormous recycling process. Whales are like
big gardeners, effectively fertilising their
environment to help grow their own food.”

(WHALE) ADAM CROPP/GETTY IMAGES. (SHIP) CSIRO MARINE NATIONAL FACILITY. (SWARM) JOSH LAWRENCE/AAD. (KRILL) BRETT WILKS

400m long, 200m wide, and 100m deep, containing millions of
individuals. Krill each weigh about 1 gram; a humpback whale
(left) eats up to 2500kg each day during feeding season.
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that attracted feeding whales. Antarctic blue whales,
which grow to 170 tonnes, surge into a swarm and
can take in one tonne of krill in a single gulp. But what
draws them to one swarm over another?
“The interesting thing about whales is that they’ll
target specific types of krill, and that’s what we were
trying to work out,” says Elanor Bell, a microbial
ecologist and the voyage’s deputy chief scientist.
“We’re still going through the analysis, but a voyage
on the [New Zealand research vessel] Tangaroa in
2015 showed very clearly that Antarctic blue whales,
like humpbacks and fin whales, were targeting very
dense but shallow krill swarms.
“They had to be quite high swarms – about
15 metres in height – but at a water depth of less
than 30 metres, so the whales weren’t having to dive
too deep for them. And they were very large, dense
swarms with hundreds of cubic metres of krill. This
is likely the most energetically efficient way for such
large whales to feed.”
The voyage was also analysing the demographics
of the swarms that attracted whales. For instance, is
such a swarm mostly composed of juvenile krill, or is
it rich in females with eggs?
“It might be that Antarctic blue whales
particularly like female krill because [females] get

Elanor Bell,
AAD Southern Ocean
research coordinator

Clockwise from top left: Brian
Miller deploys a sonobuoy to
locate feeding whales; Rob
King and Olivia Johnson carry
a container with krill catch,
which is then emptied and the
krill separated and collected
by Jess Melvin and Johnson.

super fat and translucent,” King says. “They get full
of this oily mass of eggs and they’re a far greater
energetic boon than a standard krill juvenile or a
male krill, for example. They’re literally like krill-oil
tablets swimming around the ocean.”
The voyage’s research wasn’t only about what
Antarctic krill do for whales; it also looked at
what whales might be doing for krill. Bell and her
colleagues conducted the first in-field experiments
on whale faeces to test a theory that cetaceans fertilise
the ocean with iron. In a beautifully circular process,
whales are thought to eat krill, which are rich in iron,
and then excrete the metal, which promotes the
growth of krill’s primary food source, phytoplankton.
“The seals and penguins, everything that’s pooing
is driving this process,” Bell says. “But because
whales consume so much, it’s an enormous recycling
process. Whales are like big gardeners, effectively
fertilising their environment to help grow their own
food. There’s a hypothesis that when there were
a lot more whales, the Southern Ocean was more
productive because there was a lot more fertilisation
and a lot more iron.”
To test the faeces, the scientists found an
aggregation of Antarctic blue whales and dropped
a drogue (a funnel-shaped water sampler) into the
ocean, following the currents around the water
assumed to be faeces-enriched. For five nights,
scientists sampled water from the drogue, analysing
bacteria and phytoplankton growth. They also
regularly sampled other areas – those with whales
but no krill; those with krill but no whales; those with
no whales or krill – to compare a matrix of measures.
“There are few results fully analysed yet, but
it’s pretty clear that bacteria and phytoplankton
production does go up when you’ve got fertilisation
and iron in there, and photosynthesis can increase
as well,” Bell says. “The fertilisation hypothesis is
that if the number of whales continues to increase,
we will hopefully observe increased productivity in
the ocean.”

(TOP & RIGHT) LYN IRVINE. (OTHERS) PETER SHANKS X3

FISHING FOR KRILL

Whales, seals and penguins aren’t Antarctic krill’s
only predators. Krill is far and away the biggest of the
Southern Ocean’s four commercial fisheries, with its
rapid development from the 1960s to 1980s leading
to the establishment of the Commission for the
Conservation of Antarctic Marine Living Resources
(CCAMLR). The Hobart-based organisation aims to
conserve Antarctic marine life, which includes setting
and monitoring catch limits for Antarctic krill.
“There was genuine concern that if the
overharvesting of whales and seals that had occurred
in the previous 100 years moved to krill, we were
looking at a serious impact on the whole ecosystem,”
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BIG IDEAS:
BLUE WHALES
Blue whales are grey: the name comes
from the optical illusion of seeming blue
underwater. Water absorbs red and yellow
light, so only blue light reaches the whale
and reflects back to us.

To keep warm, the blue
whale’s heart pumps 220L of
blood through its body every
10 seconds. The thump is
loud enough to be detected
by sonar 3km away.

How to spot a marine mammal: a fish
moves its tail from side to side, a mammal’s
moves up and down. A swimming whale’s
spine moves a lot like a running cheetah’s.

When scared, blue
whales can swim at
speeds up to 45km/h,
but prefer a leisurely
7km/h when at ease.

says Dirk Welsford, CCAMLR scientific chair and
AAD acting chief scientist.
In recent years, with the advent of krill oil as a
nutraceutical, annual krill catches have been on the
rise, reaching 390,000 tonnes in 2019. That’s only
about 0.001% of the biomass, but up almost 80,000
tonnes on the previous year. The annual catch limit
for Antarctic krill across the Southern Ocean is 5.6
million tonnes, but it’s currently capped at 620,000
tonnes because krill-fishing vessels are predominantly
working in a small area off the tip of the Antarctic
Peninsula where krill concentrate – possibly because
of oceanography and two converging current systems.
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Blue whales sing at 8–25 Hz. Dogs bark at 1000 Hz and
cows moo at 500 Hz. It’s thought that blue whales can
hear each other in good conditions up to 1600km away.

THE GOOD OIL?

An educational
resource for
this story is available
at www.education.
australiascience.tv

In the early days of krill
fishing, the crustaceans
were caught with an eye
to human consumption
and food security. But
their shells were found
to have high fluoride
levels, making them
expensive to process.
Instead, krill were used
as feed for aquaculture,

and later for krill oil.
Some of the modern krill
fishing vessels double
as efficient factories,
pressing and processing
the krill on board, arriving
in port with krill-oil
concentrates ready for
tablet production. Roam
any major supermarket
today and you’ll find krilloil tablets on the shelves.
“The claims on the
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Researchers measure whale age
using earwax. The layers change
colour with annual migration
habits, and they can be counted
like tree rings. Whale earwax
hardens into a long spike: a
12-year-old individual yielded a
25cm-long wax sample.
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Blue whales sleep by resting only half their brain
at once; the other half stays conscious to prevent
drowning. The brain is tiny, considering the animal’s
size – only four times bigger than a human’s. In
comparison, a blue whale’s heart is about 1.5m tall
and weighs 640 times a human heart.

“We all want to have the
charismatic megafauna that are
adapted to having krill. And, of
course, they just won’t be here
if the loss of the krill continues.”

Blue whales have
around 800 1-m-long
baleen plates. Baleen
is made of keratin,
which stems from
skin, not bone. It’s
more like hair and
fingernails than teeth.

Inevitably, it’s also where the predators want to
go, so a CCAMLR observer travels on each fishing
vessel, of which there are less than a dozen. The
AAD has recently written software for CCAMLR to
map the distribution and demands of the wildlife.
This will enable decisions about where the fishery
goes to access krill while minimising the overlap and
risk to predators.
“That’s all finally being brought together, and
through a multinational research collaboration
we’re very, very close now to being able to say where
we think the main predator demand is around the
peninsula,” says Welsford.
With that, management measures can be
instituted that permit the fishery to grow, but also
allow the planet’s most prolific inhabitant, and the
ocean of life that relies on it, to continue to flourish in
such mind-boggling numbers.

FUTURE SHOCK

Because they eat krill, blue whales
only need a small oesophagus of 10cm
in diameter. They couldn’t swallow a
human – even if they wanted to.

back are that it helps
with some joint pain, and
there’s certainly some data
to say that it does,” says
University of Tasmania
epidemiologist Laura
Laslett, who’s running a
randomised control trial
into the effectiveness of
krill oil as a treatment for
osteoarthritis. To date,
such research into krill oil’s
efficacy has been minimal,

limited to short trials
lacking in information
about any adverse
effects. Laslett’s sixmonth trial has targeted
260 people with high
levels of osteoarthritic
inflammation.
“We know that krill
oil is good at targeting
inflammation, so we think
that if it’s going to be
effective for people with

A blue whale’s tongue
weighs as much as
an elephant.

knee osteoarthritis and
knee pain, it’s most likely
going to be effective
for those who have
inflammation,” Laslett says.
“We know fish oil doesn’t
work for people with knee
osteoarthritis, but the
chemical structure of the
fatty acid differs between
fish oil and krill oil, and krill
oil contains antioxidants
that fish oil doesn’t.”

But it turns out krill may have a bigger threat to cope
with. Back in the aquarium, scientists have revealed
the danger to krill from rising carbon dioxide
emissions.
“We had no idea krill were so vulnerable to ocean
acidification,” King says. “We’ve shown here that if
we do nothing to change the rate of increase of carbon
dioxide emissions, by the end of this century half the
krill eggs in the Southern Ocean won’t hatch. They’ll
just keep sinking. And by the year 2300, when it’s way
above 950 ppm in the atmosphere, only two percent
of the eggs would hatch.”
King, who’s returning to Antarctic waters this
summer on the AAD’s Tempo voyage, speaks the
plain truth about this ubiquitous creature he finds
to be not plain at all. “They’re fantastic creatures;
absolutely beautiful,” he says.
“We all want to have the charismatic megafauna
that are adapted to having krill. And, of course, they
just won’t be here if the loss of the krill continues.”

ANDREW BAIN is a freelance writer and editor based
in Hobart. His previous story about long-lived bats
appeared in Issue 87.
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We are living through the birth of the Fourth
Industrial Revolution: the rise of AI and
cyber-physical systems. GENEVIEVE BELL
considers the first three waves to explore the
possibilities of how to use them to build a
better, brighter world.
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REVOLUTION
NOW

ETHICAL AI

I

’d like to introduce you to a technology system
built on the Barwon River near the Queensland/
New South Wales border. It’s in the middle of the
town of Brewarrina. Today, it’s an archaeological
site. Nearly 400 metres long, it comprises a series of
stones, rock walls and channels. It’s the largest and
oldest set of fish traps in Australia.
What this system did was create the capacity to trap
fish going upstream or downstream, and to hold them
in pens in cool running water – when the river was run
ning both low and high. The reason for this trap here,
on this river, was that it was a meeting place. It was a
site where multiple Indigenous nations and families
gathered, and where ceremonies, ritual and knowl
edge were built and exchanged. For that to happen, you
needed to have food at scale, but it also meant people
could gather again next year and for years to come.
The most remarkable thing about this system?
Its age. For thousands and thousands of years, people
used, adapted and modified this system, and even
today, its custodians, the Ngemba people, still fish
from the rock walls. Imagine building a technical
system that would last for millennia – most of us
are lucky if we build a system that lasts for 10. The
Brewarrina fish traps (enshrined on the Australian
National Heritage list in 2005) also reveal a deep
understanding of technologies – in this case lithics
– and an understanding of the ecosystem, hydrol
ogy, fish biology and an environment that was
changing over this period of time.

Those three pieces – technical, cultural and eco
logical – are incredibly significant. As we think about
building technical systems, we need to build them
with multiple pieces in mind – not just the tech
nology, but the ecological piece, and the human piece.
It’s a useful way of framing how current technical
systems should and could unfold.
In 2016, the World Economic Forum (WEF) pub
lished a chart that crystallised a conversation that had
been around for a while about the notion of a Fourth
Industrial Revolution. The WEF gave that conver
sation form, structure and a back story. It made it
part of a series of earlier waves of history and waves
of economic and technical transformation. In doing
that the WEF stabilised the context of that history
and its consequences, and also made a fetish of the
technical systems. And in some ways they made quite
mysterious the consequences of those revolutionary
transformations to human society, to culture. What’s
also mysterious about this story is the tale of who
made these transformations possible, and the kind of
practices and practitioners that had to develop.
We’re on the cusp of a Fourth Industrial Revolu
tion. In order to consider its possibilities, I want to
revisit the previous ones with an eye to two questions:
what did it take to get to scale in each one of those
moments, and what did scale look like?

Cultural anthropologist,
technologist and futurist
Genevieve Bell is director
of the Autonomy, Agency
and Assurance Institute
(3Ai) at ANU. Bell spent
18 years in Silicon Valley
developing Intel’s social
science and design
research capabilities; she
remains an Intel vicepresident and senior fellow.
She established 3Ai in
2017, in collaboration with
CSIRO’s Data61.
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I: The Age of Steam

run on time. It took ideas about timetables and all
kinds of new practitioners – ticket takers and safety
inspectors and civil engineers. Those train systems
unfolded in Britain and the US, Australia, Japan and
India. They transformed the way we thought about
time, about distance and about speed.
The irony of this is that this First Industrial
Revolution was nearly two centuries in the making.
Getting to scale in this instance took time, and it
required all manner of regulations and social actors
and practice to be accomplished.

The First Industrial Revolution starts in many
places. One of them is Cornwall, England, in 1712,
atop a mine, with a man named Thomas Newcomen.
Newcomen was an ironmonger and preacher who
occasionally helped save miners from the bottom
of flooded mines. It’s in that latter context that he
helped come up with the idea of the atmospheric
engine – the prototype of all steam engines to follow.
He was an inventor and an innovator – he took a
whole lot of other people’s ideas and built them into
a single object. Two storeys high, it was loud, it con
sumed everything around it – water and coal – and it
changed everything.
It took 20 years before 100 of these objects were in
circulation, and nearly 100 years before the number
reached 2000. But in that slow, steady ramp of the
atmospheric engine, with James Watt’s transform
ations of it into the steam engine, you see an object
that moves from mines into factories and changes the
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The Second Industrial Revolution is anchored on
electricity rather than steam, but it includes many of
the same challenges.
The first displays of electricity were at the Crystal
Palace in England in the 1850s; as a spectacle at World
Fairs; at the battle of light bulbs – the International
Exposition of Electricity – in Paris in 1881. Even the
Great White Way in New York City, where
people went to see

From left: the Brewarrina fish
traps are perhaps the world’s
oldest and most durable
technical system – thought
to be 40,000 years old,
they were still in use at the
beginning of the 20th century.
James Watt’s steam engine
“Old Bess” moved steam from
mines into factories in 1778.
In 1829, mobile steam caught
the public’s imagination
through George and
Robert Stephenson’s steam
locomotive Rocket.

electricity, was all about

persuading them they needed this new infra
structure. People already had ways of lighting their
homes and powering things – they had steam, they
had gas. Why did they need electricity? Part of the
challenge for the Second Industrial Revolution was
compelling people to i magine they should upgrade.
It also required whole new systems. It wasn’t just
enough to make light and make power. Someone had
to generate the power. There had to be an electrical
grid. It required an incredible argument about the
best way to configure that grid – AC or DC? How
would you imagine all the work needed to upgrade
and retrofit buildings? What new appliances and
experiences would need to be created? It took
individual actors in different countries and an entire
apparatus to get to scale.
Thomas Edison, in the US, not only got light
bulbs down to a reasonable price, he also built the
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way factory work is done. It changes the possibilities
of how things can be built. It makes a series of compli
cated, cultural and practical transformations.
But in some ways, the most important moment of
scale isn’t that first century but the second. It comes
in 1829 at a place called Rainhill in England, when
a locomotive called Rocket changes the way people
think about steam engines. They go from being sta
tionary to mobile. They go from being powerful to
being fast, and in so doing unleash the possibility of
creating networks of trains and railway systems. But
to get to a railway system required more than just a
locomotive. It required regulation – regulation that
fixed train prices so that everyone had access to the
technology; that managed safety, so that the trains
didn’t hurt people; that changed the ideas about
how time should be configured so the trains would

II: The Age of Electricity

ETHICAL AI

PEOPLE HAD STEAM, THEY HAD GAS.
WHY DID THEY NEED ELECTRICITY?
PART OF THE CHALLENGE FOR
THE SECOND REVOLUTION WAS
COMPELLING THEM TO U
 PGRADE.

first electrical power plants
in order to generate the electricity to make the lights
work. In Britain, getting
electricity to scale required
civic and civil organisations. It required people like
Caroline Haslett and the
Electrical Association for
Women, which helped empower British housewives
and homemakers to troubleshoot their own appliances and keep things running. It required a whole
range of conversations with businesses. And all of
that, like the First Industrial Revolution, took time.
From the first experiments with electricity to
the first electrification of power into manufacturing
facilities took nearly 50 years. And the consequences
of changing the way to power mass production was
that we also had to build new kinds of companies,
new kinds of business models, new kinds of corporations and even new kinds of practitioners. So – much
like the First Industrial Revolution – getting to scale
was a complicated puzzle.

it would be like to teach
people to use these computers, so that they weren’t
just branded objects sitting
inside companies, but could
become platforms upon
which many things could
happen.
By 1968, an initial curriculum has been created to teach the subject called
computer science (until then it was just “computing”). There’s now a curriculum. That curriculum
does two things. It creates the possibility that a
whole lot of people can have a shared experience
and a shared vocabulary. It also creates the possibility that the way you can think about computing is
no longer tied to the objects of now, but creates the
possibility of other objects to come into existence.
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III: The Age of Computers

Many of us remember the origins of the Third
Industrial Revolution. It’s about automation and digitisation, and the technology required to get to scale
here is the computer.
The earliest computers appeared in the 1940s,
but you really don’t hit ubiquity of the object until
the 1960s. What takes computers to scale in this instance isn’t just the availability of computers. It’s the
creation of two things: programming languages that
let people talk to computers and let them do things
beyond the obvious, and the invention of a curriculum for computer science to help bring a whole lot of
people into the conversation.
Starting in the early 1960s, there were a number
of people all over the US using computers in their
research and professional jobs. And starting in the
mid-1960s, a whole collection of different people
at American universities started to imagine what

From left: Thomas Edison
(seen here with a replica of
his first successful lamp)
harnessed electricity and
created the plants to drive
it. Electrical power ushered
in new technologies such
as wireless telegraph (here
with its inventor Guglielmo
Marconi) and drove mass
production. A buyer of Henry
Ford’s 1908 Model T could
“have a car painted any colour
that he wants, so long as it is
black”.

So what it took to get a piece of technology to scale
in the 20th century involved commercial enterprises,
universities, the creation of a vocabulary and a set of
questions that let many more people engage with
those machines and do things with them that were
unimaginable. It also involved the continuing evolution
of the technical system and concepts like Moore’s law
and companies like Intel and AMD [Advanced Micro
Devices] continuing to revolutionise and innovate on
those technical platforms. It involved the creation of
a lot of other objects that took on computing power
and made them meaningful. Again, it took time, and
it took social actors. It took an extraordinary number
of practitioners. And it’s still – much like the first two
industrial revolutions – not entirely done yet.
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IV: The Age of AI

That gets us to the Fourth Industrial Revolution and
the notion of AI.
The first time the term “artificial intelligence”
was coined was in 1956, in Dartmouth at the Summer
Research Project on Artificial Intelligence. But really,
we’d been talking and thinking about machines long
before that – at the Macy Conferences in New York
City in the 1940s and 1950s and with Alan Turing at
Bletchley Park and Manchester in the United Kingdom. There’d been many conversations about what
it might mean to make machines think like humans.
When I think about AI, I return to its original articulation in 1956: to be able to so precisely describe
intelligence that a machine can be made to simulate
it. A machine that will understand human language, a
machine that would understand abstractions and concepts, a machine that would be able to learn for itself,
and a machine that would be able to ultimately do
things that humans could do. AI
requires data and

From left: Navy Lieutenant
Grace Hopper codes problems
for processing by a calculating
machine built by IBM to assist
in the war effort in 1944.
The first electronic digital
computer, ENIAC, powered up
in 1945, comprised 40 panels
2 feet wide by 2 feet deep
by 8 feet high (0.6m x 0.6m x
2.4m) containing more than
17,000 vacuum tubes, 70,000
resistors, 6000 switches and
1500 relays to make 5000
additions per second. When
Apple’s first Macintosh was
released in 1984, its 16MHz
microprocessor could execute
16 million instructions per
second.

The interesting thing about scale is it’s often
only visible when it breaks. The arc of the beginning
of the 21st century has been stories that we tell
about technologies that are reliant on things that
we mistakenly thought were stable, like the massive
power outages in California in 2020 and the damage
to the electrical grid and telecommunications during
Australia’s bushfires last summer. And not just
technical systems: civic and civil society, ideas about
democracy – all of these fields differently brittle.
Part of what has made the Fourth Industrial
Revolution possible is the abundance of data, and data
is often invisible until it’s played back to us, where we
suddenly say, Hey wait, how do you know that? Scale
is truly the logic that runs through the Industrial
Revolutions, along with ideas about efficiencies and
productivity.
I suggest that this fourth wave is
slightly different
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from the waves that
come before it. We have that
history. It doesn’t just inform
how we think – it can help us ask
better questions about the future
that is coming. I’m concerned
about what it means to have
safe, responsible and sustainable cyber-physical s ystems, not just productive and
efficient ones. What would it mean to say that the
systems we are building shouldn’t just go to scale,
but that they should go to scale in a way that feels like
something we can live with?
When we talk about the First Industrial Revolution we could also talk about the Luddites; we could
talk about pollution; we could talk about the consequences of chopping down so many trees to feed those
inexhaustible trains. If we talk about the Second Industrial Revolution and electricity we could also talk
about what it means to have mass production and
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SCALE IS OFTEN ONLY VISIBLE
WHEN IT BREAKS. AND NOT JUST
TECHNICAL SYSTEMS: CIVIC SOCIETY,
IDEAS ABOUT DEMOCRACY – ALL
THESE FIELDS DIFFERENTLY BRITTLE.

machine learning and algorithms and sensors and
some form of logic that
holds all that together.
But AI is not synonymous
with machine learning,
it’s more than that.
And when we talk
about the Fourth Industrial Revolution we’re talking about more than just AI.
We’re talking about AI as part of a system that is going
to have to expand to i nclude the systems in which AI
finds itself: the Internet of Things, fast and rapid telecommunications protocols – all of it also built on the
second and third waves of the Industrial Revolution
of the electrical grid and the computing platform. It’s
an industrial revolution that’s in the beginning stages.
The technology is 60 years old, but what it will mean
to go successfully to scale is going to take a whole lot of
complexity and raise a whole lot of really quite complicated questions.

ETHICAL AI
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what that means to ideas about labour and to factory
conditions. If we talk about the Third Industrial Revolution and computing we can talk about such things
as privacy and trust and security and risk, and all of
the energy it takes to make those systems functional.
Previous waves were accompanied by aggressive
boosters with utopian stories and equally aggressive people with dystopian narratives. Stories about
demonic trains and runaway trains are rife through
British newspapers and magazines in the 1800s. In
the US there were fears that if homes had electricity,
women and children would be vulnerable because
they’d be more easily seen. When computers were entering the mainstream many voices spoke out against
automation. A 1960s manifesto called The Triple Revolution critiques the appearance of automation, social
revolution and defence funding, and asks, does this
build a society that we want to live in?
We should be paying attention
to this history when we’re

imagining what it means
to build the fourth revolution in a
manner that we can all live with.
Lurking in all the stories about the earlier industrial revolutions are stories about the people who
made it possible. Not just the business owners and
the inventors but the practitioners and the workers
who made those systems go to scale safely – engineers, electrical engineers and computer scientists.
Who will be the practitioners for that fourth wave?
I’m convinced that we need something different
for this fourth wave, which demands a different set of
conversations and a different set of skills. I think what
it actually requires is a new branch of engineering:
which is what we’ve been doing here at the 3A Institute (3Ai). (It always helps to have spent 20 years in
Silicon Valley; it helps you square your shoulders and
say, Yep, I’m establishing a new branch of engineering.)
The good news in all of this is that establishing
branches of engineering isn’t trivial. It’s also not
new. The first engineering schools were established
in Paris with the École Polytechnique, at Stanford

with computer science, and at the Wharton School of
Business. So there are lots of ways of thinking about
this – but we decided we should start with some
questions. We think there are six big ideas that help
you think about how to build those systems, how to
regulate those systems, how to decommission those
systems and how to operate safely with those s ystems.
First question is: is a cyber-physical system really
autonomous, and if so what does that mean? How do
you engineer it, how do you secure it? How do you
regulate it? How do you think about what that means
from a policy point of view? Not all autonomy is built
the same way. How do you think about whether those
systems have agency, or put another way, what are the
controls and limits on those systems and where do they
sit? Are they inside the systems or are they outside the
systems? Are they software, or are they hardware?

Like its revolutionary
predecessors, the Third
Industrial Revolution created
new industries, opportunities
and complexities. From left:
Microsoft, founded in 1975 by
Bill Gates, employs more than
156,000 people and has more
than $US300bn in assets. The
Deep Blue vs Kasparov chess
tournament in 1997 brought
the notion of AI into the public
domain. Google’s algorithms
are changed 2–3 times a day;
the effects of those changes
– indeed of the algorithms
themselves – are a closely
guarded secret.

Second, who gets to activate them and under
what circumstances, and how do you secure them?
How do you evolve them over time? Because surely
those systems will change over time – think back to
the steam engines.
The third set of questions has to do with
assurance. How do you know if the system is safe,
reliable and trustworthy? How do you configure
risk and liability? How do you think about privacy
and trust, manageability, explicability, legislation,
ethics and standards?
Fourth, what will be the metrics we use to
measure the cyber-physical systems’ performance?
Much of the first three waves of the Industrial Revolution centred on ideas about efficiencies and
productivities. We could also reasonably ask about
safety and sustainability – how would we make those
into indicators? What would the metrics be and who
would get to look at them and think about them?
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Fifth, cyber-physical systems at scale also raise
questions about interfaces and interactions. How
are we going to engage with these systems? Will
we engage with them? Will they engage with each
other? What will that all look like, and what will it
mean to have a whole series of technologies with
which we are deeply familiar suddenly change their
behaviour? If you put AI inside an elevator bank, the
elevators behave differently. As humans, we stand
there trying to work out why there are no buttons
inside the lift compartment we’re in. How we
build interfaces to those next generation technical
systems is an open and interesting challenge.
And the last question, which is sometimes also
the first question: what are the intentions of these
systems? Why are they being built? What is the idea
of the world that they are making and promulgating,
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REVOLUTION EVOLUTION
One of the most remarkable things about the
Brewarrina fish traps is that it’s a technical system
hundreds of years in the making and millennia in the
using. It’s a technical system that required concerted
and continuous effort. It wasn’t a quick fix; it required
generations of accumulated knowledge about how
the environment worked, about hydrology

As the Third Industrial
Revolution morphed into
the fourth we marvelled at
economic and technological
success but missed
opportunities to consider
human, environmental and
other impacts. From left: Mark
Zuckerberg’s stay-in-touchwith-friends idea influenced
national elections. Driverless
vehicles were in public as
early as 2004 but problems
persist today. Apple –
personified by the late Steve
Jobs – changed everything
with its smartphone.

and fish, and also an accumulated commitment to continuing to build, sustain and upgrade
that system over time.
I think about the fact that it was possible to be
cybernetic without computing. I wonder what lessons
we can glean from that original system – ideas about
sustainability, about systems that are decades or centuries in the making, about systems that endure, that
are built explicitly to endure, and systems that are
built to ensure the continuity of culture. These feel to
me like the kind of systems that we might want to be
investing in now, in the 21st century.
To use cybernetics as a tool, it’s also about being
able to bring through those older, more enduring
stories, and finding a way to theorise them, alongside
and in partnership with contemporary technology.
So as we imagine these cyber-physical systems, this
fourth wave of the Industrial Revolution, it isn’t just
about how we build them and think about their economic consequences. It’s also how we theorise them,
and in theorising them, how we ensure that we are
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and how might we critically interrogate that idea?
Backending those questions takes a little bit of
cheeky and retro theory. I don’t think you can talk
about cyber-physical systems without dwelling on
“systems” and “cyber”. For me, that means going
back to the work that was done in the 1940s by Norbert Wiener at the Macy Conferences. For Wiener,
cybernetics was the scientific study of controlling
communications and animals in the machine. For
his colleagues, these were conversations about
imagining a world where the system would need, by
necessity, to include technology, culture and ecology. But if you go back to those early conversations
in the 1940s and those first attempts to imagine what
cybernetics might be, it was more about the notion
of sophisticated technical systems than c omputing.

While we now understand cybernetics as being
about computing, it wasn’t always that way.
The earliest conversations at the Macy Conferences were about how the brain worked and how
systems worked. They were about what we dreamed
and talked about. For Wiener and many of those early
conversationalists, cybernetics was as much about
the system and the feedback loop as it was about the
technology upon which it later came to be built. In
reaching back to cybernetics as one of the theoretical underpinnings of this new branch of engineering,
what I hope we’re also doing is creating space to imagine different ways of thinking about technology.

ETHICAL AI

asking the right questions about those systems and
insisting that certain pieces sit inside those systems.
Talking about an AI-driven world and an AI-ready
society – a cyber-physical system world – without also
talking about the people piece, and the environmental
piece, is a conversation only half had. In England in
the 1800s there was Greenwich Mean Time, but not
everyone used it. Instead, the mayor would stand in
the town square, and when the Sun was directly overhead the town’s clock would be set to midday. You
get a bit of variance between
London and Glasgow, and a
couple of minutes isn’t much
in the grand scheme of things
– but when you’re running
a railway it’s the difference
between a catastrophic accident or not. The railways
created their own time zone,
and put a railway clock on
every station.

inventors, we never actually invent alone. So I need
help. If you’re crazy enough to stand up and say
you’re going to build a new branch of engineering, you
should never do it alone. I think this is a conversation
that should involve many, many different voices, as
many voices as we can possibly sustain, because the
Fourth Industrial Revolution requires a different
approach than the previous three.
In 1950, in a prologue for a play he was putting
on at MIT, Norbert Wiener wrote that in the world
that was coming perhaps
the poets would need to be
engineers or the engineers
would need to be poets. The
Japanese roboticist Mori says
that our greatest anxieties
about a computational other
are actually just a manifestation of our own anxieties
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THE WAY THESE SYSTEMS WILL
LEARN IS GOVERNED BY THE RULES
THAT HUMANS WRITE, SO IF THERE’S
A THING TO BE FEARFUL ABOUT IN
ALL OF THIS, IT’S US.

For 40 years there
was local time and railway time, until an
Act of Parliament in 1881 made railway time standard.
When I think about AI, I wonder not just about what it
is that people imagine they’re doing with it, but about
other “unintended consequences” that will be necessary in order for those systems to function effectively.
What is the world you imagine you are building,
and what does your imagination include and not include? Currently 10% of the world’s energy budget
is spent on server farms. That doesn’t sound like a
conversation you’d want to be silent to, but it’s not
one of the issues we’re talking about. As we start to
build the next industrial revolution, as we start to
build a new branch of engineering, it’s not just about
how we take those questions on technical systems,
but also that we insist over and over that people and
the environment need to be part of it too.
The thing that being in Silicon Valley taught me,
acutely, is that whilst we may tell stories about lone

With the rise of cyber-physical
systems, argues Genevieve
Bell, we have a chance
to consider how to build
practitioners that can shape
a better world. From left: one
of many new faces in science,
software engineer Isis Wenger
launched this Twitter meme
after being told she didn’t
look like an engineer. The
centuries-old Kodaiji temple in
Kyoto, Japan, sought to spark
interest in Buddhism with a
robotic priest. The same year,
Sophia the humanoid robot
appeared at the Mobile World
Congress in Barcelona, Spain.

about ourselves. Ultimately the way these systems
will learn is governed by the rules that humans write,
and so if there’s a thing to be fearful about in all of
this, it’s us.
Thirty years from now I hope this discipline
finally has a name. I hope that much like their
forebears in electrical engineering and computer
science and civil engineering, practitioners of this
discipline are part and parcel of building a world
that we can all inhabit – a world that feels slightly
more sustainable and a lot safer and much more
responsible. For me, success would look like building
practitioners who shaped a world that was a better
place for all of us.
This article is based on a talk given by GENEVIEVE
BELL for The Long Now Foundation. Find that talk
and others at LongNow.org
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SINKING ISLANDS

GONE

GROUND
T

he idea that an entire island can disappear
seems unbelievable, anathemic to our understanding of the natural world, even
offensive to rational thinking. Something
substantial and upstanding shouldn’t vanish in
less time than it would once have taken you to walk
around its perimeter. Yet this has undeniably happened in many places, and many times.
Today you won’t find an island named Tolamp
on any map. But if you travel among the smaller islands off the east coast of 2041 sq. km Malekula,
the second-largest island in Vanuatu, in the southwest 
Pacific, and ask about it, chances are you’ll
learn where it once was and how, several hundred
years ago, it abruptly disappeared. Local people may
tell you how two mischievous boys, left behind on
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Tolamp after all the adults travelled to the mainland,
went to the other side of the island – where they had
been forbidden to go – and dug a hole into which the
ocean poured and eventually submerged the entire
island. As with most such stories, the details are undoubtedly apocryphal – blame is a common way of
rationalising such events – but the recollection of
submergence is undoubtedly true.
Owing to their implausible details (boys digging
holes), Western science has often dismissed such stories as mythical, but in the case of Tolamp the evidence
that stories are essentially eyewitness accounts of
sinking islands is compelling. G
 eologically, Vanuatu is young and dynamic, exactly the
kind of place you might expect to encounter stories of vanished islands.

SYLVAIN SONNET/GETTY IMAGES

Geoscience can explain why some islands have
partly or completely disappeared, sometimes
abruptly, writes PATRICK NUNN.

SINKING ISLANDS

Issue 89 COSMOS – 89

SINKING ISLANDS

It’s no mystery where Tolamp is today: its summit lies
under some 15 metres of ocean, about 5 kilometres
from Malekula’s northeast coast. Mapping of the sea
floor in the area shows that its disappearance was not
without precedent: many other submerged islands
project from the steep slopes undersea below (see
“The vanished islands of Vanuatu”, page 92).
People were living in the islands of Papua New
Guinea (PNG) more than 40,000 years ago. Most
other island groups in the western Pacific were first
occupied around 3000 years ago, with those in the
eastern and southernmost Pacific quite a bit later;
both Easter Island and the islands of New Zealand
are thought to have been first settled around 700
years ago. So it’s unsurprising that Pacific Island
stories exist recalling the disappearance of islands
like Tolamp. Yet there is evidence that such oceanic
islands have periodically collapsed and disappeared
throughout the hundreds of millions of years the
Pacific Basin has been in existence.
A great example is provided by the island of Oahu
in Hawaii, which is formed from the remaining halves
of two giant volcanoes, connected in the centre island
by a low-lying saddle (where some of the tinned pineapple in your supermarket probably originated). The
southwest half of the volcano that forms much of
western Oahu slipped into the sea to create the undersea Waianae Slide more than three million years
ago. A million years later a similar event in Oahu’s
northeast formed the massive Nuuanu Slide – 5000
cubic kilometres of crumbled volcanic rock tumbling
chaotically down the island’s steep underwater flanks,
coming to rest hundreds of kilometres away from its
coastline beneath hundreds of metres of ocean.
Along the spectrum from vanished Tolamp to
half-vanished Oahu, there are numerous other such
islands, investigations of which can reveal the reasons

for their disappearance. Take the example of Ritter
Island in PNG, about 100 kilometres off the east coast
of the main island. This island volcano was first named
Cone Island and sketched in 1834 by Thomas Jefferson
Jacobs. Early in the morning of 13 March 1888, a relatively minor eruption of the Ritter volcano caused the
island’s western flank to c ollapse abruptly, decapitating the conical landmass that Jacobs drew and leaving
only a tiny portion of the original. Should another collapse of one of Ritter’s undersea flanks occur, the entire
island is likely to disappear.
Science has developed a mistrust of information
about phenomena like vanished islands obtained from
what it regards as non-scientific sources. One reason
for this is self-protection, a reluctance to muddy
processes of scientific deduction with p
otentially

ISLANDS LOST
TO RISING SEAS

high as 10–12 mm/year
have been recorded. In
Solomon Islands, to the
south and nearer PNG,
low islands have also
recently disappeared.
The above-average rises
can be explained by the
effect of interannual
pressure changes driving
water from east to west
across the Pacific, which
are superimposed on the
global sea-level average
rise, currently almost
4 mm/year.
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Western Pacific islands
are not the only recent
casualties of rising sea
level. Low-lying islands in
the Northwestern Hawaiian
chain, such as those in
the French Frigate Shoals
(Kānemiloha‘i), have also
disappeared, depriving
seals and turtles of
familiar breeding grounds.
More than 150 years ago,
the inhabitants of the
Chandeleur Islands off
New Orleans grew fat on a
diet of fish and seabirds,

but these islands gradually
diminished in size and
were almost wiped out in
2005 by Hurricane Katrina.
They’re now waterlogged
strips of sediment.
As the ocean surface
continues to rise, low
islands built from
unconsolidated materials
will continue to shrink and
disappear. The geography
of island realms in 2100
will be quite different to
that with which we are
currently familiar.
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As the evening shadows
gather in the communities
of mountainous Pohnpei
Island, Micronesia, about
2000 km northeast of
PNG, the youngsters
are often entertained
by the stories of their
elders. One story about
the now-vanished island
named Nahlapenlohd is
popular because it tells
how it was once the

site of a pitched battle
between warring clans; so
much blood was spilled
that it washed this low
sandy island away. Every
Pohnpeian today knows
where Nahlapenlohd once
was, just as they know of
other recently disappeared
islands in the area.
Pohnpei is one of the
areas of the Pacific where
sea level has been rising
faster than the global
average over the past
50 years or so – rates as

Nuuanu
Slide
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These volcanoes will build
another island volcano that
will in turn explode and
collapse, ending the cycle…
and laying the foundations
for a new one to begin

WARREN ISHII/GETTY IMAGES

The island of Oahu is all
that remains of a much
larger landmass that has slid
beneath the sea.
Previous pages: iconic
Santorini, Greece, was formed
when a 1600BCE eruption
caused most of the original
volcano to slide beneath
the waves. Today, the active
volcanic islands of Palea
Kameni and Nea Kameni, at
right in the middle distance,
portend the volcano’s rebirth
– and a future cycle of
destruction and renewal.

 nreliable data – a fine example of which is provided
u
by the tale of Atlantis.
Around 350 BCE, the Greek philosopher Plato
invented the story of Atlantis as a means of illustrating his views about how an ideal society might evolve
– and how it might be undone, punished by the gods
by being violently and abruptly submerged. Atlantis
never existed, but Plato was not above extracting details of real events from the geologically active eastern
Mediterranean where he lived to enliven his narrative,
to enhance both its believability and memorability.
One of the undoubted influences on the original
story of Atlantis was the eruption of ancient Santorini (Thera) in the Aegean Sea. Like other island
volcanoes nearing the end of their active lives, it underwent a catastrophic terminal eruption about the
year 1600 BCE that saw the shallow magma chamber beneath the island empty explosively, leaving
a massive void into which most of the old volcano
slipped. People might understandably have thought
the volcano was gone forever but, ominously, about
1400 years later, eruptions started within its under-

sea caldera, later resulting in the formation of two
small active volcanic islands, Palea Kameni and Nea
Kameni. One day these volcanoes will build another
massive island volcano that will in turn explode and
collapse, ending the cycle, and laying the foundations
for a new one to begin.
People lived on Santorini before it exploded and
mostly disappeared. Ancient Akrotiri, the Minoan-era
forerunner of modern Akrotiri, was built around
3700 years ago. It featured several multi-storey dwellings facing paved streets with sub-surface drainage; the
town prospered from maritime trade and commerce.
Although Akrotiri was destroyed in the 1600 BCE
eruption, the absence of human remains suggests its
people evidently read the signs of impending disaster
sufficiently clearly to evacuate the island before this
event. But their stories were preserved: some buried in
dubious places like Plato’s account of Atlantis; others
in oral traditions and written histories; yet others in
paintings and in folklore. All of this material, complemented by scientific research, allow the nature and
sequence of this catastrophe to be reconstructed.
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undersea
slopes

MALEKULA
ISLAND

VANISHED
ISLANDS OF
VANUATU
Most of Vanuatu’s islands
line up in three northsouth trending rows. The
row to the east is the
oldest, a remnant group
largely quiescent today.
The centre row includes
active volcanic islands,
including still splutteringand-shaking Ambae as
well as the remains of
Kuwae, an island that blew
to pieces in 1453, affecting
climate around the world
and plausibly even altering
the outcome of the siege
of Constantinople (now
Istanbul) half a world
away. The line of islands

in the west has volcanic
foundations, but are
draped with carbonate
rocks, testimony to a time
when they were largely
underwater, overgrown by
coral reefs, before being
thrust often hundreds of
metres upwards.
The process of
upthrusting continues
today, a product of the
massive Indo-Australian
crustal plate to the west
pushing from under and
sideways into the Vanuatu
island platform.
Imagine a thousand
bulldozers slowly
shovelling loose surface
material sideways, creating
piles that become islands
but also – critically – steep
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This leads us to speculate about vanished islands
that exist in traditional stories but of which science is
completely ignorant. In some Indigenous Australian
stories, the founding ancestors of particular groups,
especially in the continent’s northeast, are said to
have come from a now-disappeared island named
Baralku. When such stories were first written down
a hundred years or so ago, it was easy to dismiss them
as fantastic. But perhaps it’s time to treat such stories
more seriously, to regard them not as myth or legend,
but as memories.
In Yolngu stories, Baralku is said to have been
the place to the east of Arnhem Land (where lies the
modern Gulf of Carpentaria) from which came the
Djanggawul, spiritual beings responsible for creating
the original landscape of Australia and introducing all
the plants that originally grew there. Most of us treat
such tales as fictional creation stories, but consider
that during the last ice age, about 70,000 to 12,000
years ago, there was a land bridge connecting northeast Australia with the islands of PNG. So there was,
indeed, land east of Arnhem Land. Baralku may have
been the name of one of the last pieces of that land to
be submerged, as sea level rose in the aftermath of the
ice age.
The idea that the Djanggawul of Baralku created
the Australian landscape and its flora could well recall
the time, perhaps about 10,000 years ago, when the
people of Baralku were forced from their island home
by rising sea level and took their environ
mental

SINKING ISLANDS

knowledge and skills, honed by their ancestors on
the now-submerged land bridge, into the rest of
Australia. Far-fetched? Not when you consider that
linguists believe that the most widespread group of
Aboriginal Australian languages (Pama-Nyungan),
once spoken across 90% of the continent, originated
on this land bridge and were dispersed as the bridge
progressively drowned.

LANDS OF LEGEND

JACOBS, 1844, AND JOHN B DIKAUNG

Historically, the people of
Kiribati told stories about
ghost islands that appeared
and vanished without
warning. Now Kiribati itself
is disappearing beneath
rising seas; the village of Eita,
above, has become a separate
island during high tide.

flanks that periodically
collapse, often after being
shaken by earthquakes.
For millions of
years, crustal bulldozers
approaching Vanuatu
from the west have helped
create islands like Malekula
(shown at left with some
of the islands off its east
coast and their submerged
counterparts), currently
rising as much as 4mm
a year.
Upthrusting has
also caused the eastern
slopes of such islands to
fail occasionally, often
catastrophically, carrying
fossil-reef-draped volcanic
peaks offshore, and
ultimately (as with Tolamp)
beneath the ocean.

Long ago, in the low equatorial Pacific islands of
Kiribati, more than 4000 kilometres northeast of

Australia, people were accustomed to seeing ghost
islands, named abaia anti.
These islands might one
day be present – vegetated
and habitable piles of sand
and gravel on familiar coral-reef platforms – but the
next day be gone without
trace. Later these islands
might apparently re-appear elsewhere. The world
views of the people of Kiribati once held there to be
parallel worlds to the visible
material one; like people,
islands also often moved
between these worlds.
It’s plausible to suppose
that ideas about such ghost
islands and even the parallel worlds through which
they were said to pass
derive from observations
of superficial islands – sand
cays. These often appear
on reef flats in the region,
typically after storm waves
carry reefal debris from
undersea slopes and dump
it onto shallow submerged
reef surfaces. Similar events can also remove such islands – powerful waves can sweep over reef flats and
wash away their superficial sediment cover.
Sand cays are really the only types of islands that
can disappear as a result of extreme-wave impact –
or even progressive sea-level rise (see “Islands lost
to rising seas”, page 90). The tsunamis that followed
the 1755 Lisbon Earthquake shredded islands along
the Algarve coast of Portugal just as the 15-metre
high tsunamis generated by the 2004 Indian Ocean
Earthquake washed away islands in the Nicobar
group, killing around 7000 residents – about onefifth of the islands’ inhabitants. But this event did
not significantly damage other low Indian Ocean

islands, notably those in the Maldives, because the
comparative steepness of their undersea flanks

slowed the tsunamis and did not allow them to build
as high as was the case on gentler slopes.
A likely disappeared island that lies at the nexus
of science and memory is Thompson Island in the
South Atlantic Ocean. First located on 13 December 1825 by George Norris, captain of the whaler
Sprightly, just over 70 kilometres northeast of Bouvet
Island (now the Norwegian dependency of Bouvetøya), Thompson was seen again in 1893 by Joseph
Fuller, captain of the Francis Allyn. It has not been
seen since. Several searches were made for Thompson Island, including one
by the well-outfitted 1927
Norvegia-Ekspeditionen,
which made the first landing on nearby Bouvet, but
to no avail.
Thompson Island was
important to British colonial aspirations in the
early 20th century, and in
the 1920s the British Foreign Secretary stated in the
House of Commons that
“there did not appear to be
any ground for questioning
the existence of Thompson Island”, a view shared
by nautical and geological
experts. How did such a
landmass come to disappear
sometime between 1893,
when Fuller sighted it, and
1898 when the Deutsche
Tiefsee-Expedition
was
unable to re-locate it?
In weather records of
the time from Chile and
New Zealand, which have
similar latitudes to Thompson Island, there is a period of cooling (1896–1907)
that does not show up in records elsewhere. There’s
no obvious explanation for this, yet we know that
volcanic eruptions have caused similarly enduring
episodes. It’s possible that Thompson Island was an
active volcano, like we know Bouvet Island to be,
which blew itself up some time in 1896, causing its
own disappearance. An event unnoticed and unrecorded by anyone, and a tantalising mystery.

Ritter Island was
sketched in 1834 by
Jacobs. A relatively minor
eruption caused the
island’s flank to c ollapse,
leaving only a tiny
portion of the original.

PATRICK NUNN is Professor of Geography at the
University of the Sunshine Coast. His new book on
submerged lands, Worlds in Shadow, is due to be
published in 2021.
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Chimp meets capsicum:
Seeking sweet and salty
flavours seems hardwired
into animals. While primates
view the hues of the world
using only three types of
cones – red, green and
blue – we have at least
50 taste receptors.
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Blossom
T heory
For maths
YouTube
sensation
Toby Hendy,
inspiration
def initely exists,
but it has to f ind
you walking.
WALKING IS A WONDERFUL ACTIVITY. Sometimes we walk for practical reasons, to get
from point A to point B, although if we’re
constrained to footpaths we don’t often
get to travel as the crow flies. The design of
most city streets favours grid lines rather
than the hypotenuse, and some meandering paths don’t favour straight lines at all.
We may also walk as a way to explore or to
energise the mind. When I walk, I leave my
headphones at home – I’ve come to realise that some of my best ideas and inspired
thoughts have come to me while my feet
remain in motion and my mind’s not distracted. Any activity that allows our bodies
to move can help to solidify connections
98 – COSMOS Issue 89

ILLUSTRATION
Phil Constantinesco

MATHEMATICIAN’S WALK ZEITGEIST

between disparate thoughts. As our muscles move, more blood (and with it, oxygen)
is pumped to all of our organs including the
brain, where it can be gobbled up by our
thinking – sometimes tackling deep questions about the nature of mathematics;
other times focussed on what we should
cook for dinner.
As someone who loves both
science and walking, I am in good
company. One notable discovery made
while walking was that of quaternions: a
number system that extends the complex
numbers to four dimensions. The complex numbers, composed of
a real and an imaginary part,
describe points on a plane and can
be multiplied together, giving a way to
perform rotation in two dimensions.
Mathematician Sir William Rowan
Hamilton spent years fruitlessly searching
for a way to extend the complex
numbers to be able to rotate
objects in three dimensions.
Reminiscing on those days in a letter to his
son Archibald, Hamilton wrote: “Every
morning in [early October 1843], on my
coming down to breakfast, your (then)
little brother William Edwin, and yourself,
used to ask me, ‘Well, Papa, can you multiply triplets?’ Whereto I was always obliged
to reply, with a sad shake of the head: ‘No, I
can only add and subtract them.’ ”
Not long after, on 16 October
1843, Hamilton was walking
along the Royal Canal in Dublin
with his wife when he realised
that rotating objects in three
dimensions would require a number system
with four dimensions.
“An electric circuit
		
seemed to close; and
a spark flashed forth… Nor could I
resist the impulse – un-philosophical as
it may have been – to cut with a knife on a
stone of Brougham Bridge, as we passed it,
the fundamental formula with the symbols,
i,j,k; namely, i2 = j2 = k2 = ijk = –1 .” A plaque
on the bridge today commemorates this bold
inscription of quaternions, a number system
with three imaginary axes and one real.
Not all the maths it’s possible to admire
on a stroll needs to be this complex. I find
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ratio of two integers. But one
number is more irrational
than the rest: the golden ratio.
If you have made friends with the right
people, then on 22 July each year someone
may offer you a slice of pie. This is to celebrate “Pi Approximation Day”, because
22/7 gives 3.142853… – a fairly good approximation of π. Pi’s true rounded value to
six decimal places is 3.141592, but the fact
it can be approximated so well by a simple
fraction means that as far as irrational numbers go, it’s a fairly rational one.
The golden ratio can be mathematically
proven to be the most difficult to approximate as a ratio of integers and so it’s the
most irrational number – and thus the most
efficient path for plants with big ideas.
The first known definition of the
golden ratio (also called extreme and
mean ratio) comes from Euclid’s Elements
(c. 300 BCE): “A straight line is said to have
been cut in extreme and mean ratio when,
as the whole line is to the greater segment,
so is the greater to the lesser.”
Take a line and cut it into a short (lesser)
segment of length A and a long (greater)
segment B. The total length of the line is A
+ B. When the ratio of the whole line to the

greater segment, (A + B)/B, is equal to the
ratio of the greater to the lesser, A/B, the
line has been cut according to the golden
ratio.

Golden ratio

(A + B)
=
B

A
=
B

= 1.618033…

The golden ratio has inspired many
scholars over the years, including mathematicians, artists, biologists, architects
and musicians. Sir Roger Penrose, awarded
a 2020 Nobel Prize in Physics for his work
on black holes and general relativity, is also
well known for work on Penrose tiles. A
simple Penrose tiling consists of two shapes
(similar to a dart and a kite) which can tesselate to cover an infinite plane. Like the
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flowers
beautiful, not
just for their shape and colour, but for
the mathematical nature of their structure. To encounter these patterns, we only
have to wonder: Why does each leaf or petal
grow at a certain angle from its neighbour?
All plants contain complex calculations, balancing their exposure to sunlight,
moisture, space, energy and interactions
with the environment. Leaves form at the
apex (tip) of a developing plant as it grows.
If each new leaf was to form at an integer
multiple of 360° (2π radians), the leaves
of a branch would stack on top of one another, blocking lower growth from sunlight
and moisture. If a new leaf formed every
half rotation, we’d see two rows of stacked
leaves. Every one-third rotation would
give three rows of stacked leaves, and so on
through the fractions.
Some plants may be happy with this
simple stacking method, but the plants
with big dreams (or the evolutionary path
they have followed) have recognised this is
not peak efficiency.
Look at a leafy sprig. Turn it in your
hands. You can see that to avoid lower
leaves lurking in the shadows of those
above, the best way for a leaf to form is at
an irrational multiple of 360°. Repeating
this multiple around the branch would
steer clear of overlapping radial lines and
give each leaf the best chance to flourish.
Pi is an irrational number, as is
and
infinitely many other numbers which all
go on forever and cannot be written as a
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digits of irrational numbers, this pattern
continually changes and never repeats. If
you get a chance to count the number of
tiles after covering your infinitely large
bathroom floor, you will find the ratio of
the two types of tiles is the golden ratio.
Related to the golden ratio is the golden
angle. The golden angle is the smaller of
the two angles created by portioning the
circumference of a circle according to the
golden ratio. The ratio of the length of the
circumference of the circle to the greater
arc equals the ratio of the greater to the
lesser arc. The golden angle measures
137.5077... degrees and can be considered
the most irrational angle – it will never
return to its exact original position.
The golden angle often appears in the
spacing of leaves on a branch, because it
minimises overlap, allowing more sunlight
to be captured. The golden angle can also be
found in the spacing of seeds on a s unflower
head: as the seeds grow radially outward
from the centre, this offset reduces empty
space between the seeds. The golden ratio
is so prevalent in nature it has also been
called the divine proportion.
You may be more interested in smelling
the flowers than counting angles between
leaves, but a simple game of “loves me,
loves me not” shows an intriguingly
prevalent pattern. Counting petals on

each flower, lilies and iris have three main
petals, frangipani and hibiscus have five,
and it’s common for daisies to comprise
eight, 13, 21, 34, 55 or even (for the very
patient petal pickers) 89 petals. From this
counting exercise the Fibonacci sequence
emerges.

Fibonacci

1, 1, 2, 3, 5, 8, 13, 21, 34, 55, 89, 144, 233, 377, …

Toby's fab
5 favourite
irrationals:

Φ The golden ratio and the most
irrational number.
1+ The silver ratio and the second
most irrational number.
π 2 Whose numerical value is very
similar to that of g (acceleration due
to gravity). This link comes from the
way we define a metre.
e Euler’s number. If you graph the
equation y = ex, you’ll find that the
slope of that curve at any given point
is also ex.
When one of Pythagoras’ students,
Hippasus, discovered couldn’t be
written as a fraction of integers, fellow
Pythagoreans drowned him at sea –
they found the existence of irrational
numbers too shocking to believe.
The Fibonacci sequence was described
as early as 200 BCE by Indian mathematicians describing patterns of syllables in
Sanskrit poetry. Italian mathematician
Leonardo Bonacci, nicknamed Fibonacci,
introduced the sequence to Western European mathematics in 1202 through his
work studying the population growth of
rabbits starting from a single pair.
Each number in the Fibonacci sequence, from the third onward, is obtained
by adding together the previous two. The
sequence goes on forever and if fn represents the nth term in the sequence it can be
expressed (for n≥3): fn= f(n-1) + f(n-2).
There are, of course, some exceptions,
but this rule of thumb for petals follows an
underlying pattern governing plant growth.
If the number of petals on a flower is not a

The golden
ratio has
inspired many
scholars over
the centuries

Fibonacci number, it may well be part of the
Lucas Numbers: 2, 1, 3, 4, 7, 11, 18, 29, … a
sequence also formed by adding successive
numbers but starting with different first
digits. If you’ve found a flower with one less
petal than a Fibonacci or Lucas number,
there’s a good chance that one has fallen off.
It’s common to count a Fibonacci
number of spirals on pinecones, pineapples,
cauliflower and cacti. If your walk leads to
the beach, you might be lucky enough to encounter a starfish with Fibonacci-friendly
five or eight limbs. An especially plump
starfish will trace out the shape of a regular
pentagon. The ratio of a diagonal to an edge
in a regular pentagon is the golden ratio,
one clue that should lead us to suspect a link
between the two patterns.
If you take each Fibonacci number and
divide it by the previous number, the result
gets closer and closer to a certain value:

1
= 1,
1
8
= 1.6,
5

2
= 2,
2

3
= 1.5,
2

13
= 1.625,
8

5
= 1.66...,
3

21
= 1.615384...
13

In the limit as n  infinity, fn/f(n-1) gives
1.618033…, that most irrational irrational,
the golden ratio.
Fibonacci himself used the ratio in geometry problems but never recognised its
connection to his eponymous sequence.
That was noted by Johannes Kepler in
1608, who also said “Geometry has two
great treasures: one is the theorem of Pythagoras, the other the division of a line
into extreme and mean ratio. The first we
may compare to a mass of gold, the second
we may call a precious jewel.”
You don’t have to think in four dimensions to be astonished on an afternoon
stroll – there are precious jewels of mathematics all around us. Even stopping
to smell the flowers can reveal some of
nature’s patterns to us, making us glad
that the path we follow takes the scenic
route.   

In addition to a love of phyllotaxis (the
arrangement of leaves on a stem), TOBY

HENDY makes videos about maths and physics
for more than half a million subscribers to her
YouTube channel Tibees.
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ZEITGEIST FLAVOUR OF LIFE

THE
FLAVOUR
OF LIFE
EVER WONDERED WHY some animals walk
or fly for miles in search of salt? Or what
drove our ancestors to create better and
better tools and learn to tame fire?
Some of the most interesting stories of
evolution, according to professor Rob Dunn
from the Department of Applied Ecology
at North Carolina State University, can be
told from the perspective of taste and flavour. Dunn’s upcoming book on the subject
– Delicious: The evolution of flavour and how
it made us human, co-written with Monica
Sanchez – suggests that pleasure is nature’s
way of ensuring animals get what they need.
“Pleasure leads us to the food we need,
towards sex and reproduction,” he says.
“It’s a reward for doing what will keep our
species and lineages going. So, every time
you taste something, you can think of your
tongue as offering you two roads – the
road to pleasure, towards what you ancestrally needed, and the road towards danger
you should be avoiding.”
Dunn believes research into taste and
flavour could lead to fundamental discoveries that are both immediate and relevant to
everyone on Earth.
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Primatologist Richard Wrangham was
the first to hypothesise that cooking was
an evolutionary turning point that separated our trajectory from that of chimps,
but what was overlooked in his 2009 book
Catching Fire: How cooking made us human
is why our ancestors began cooking in the
first place.
“It’s because it tasted better,” says
Dunn. “Chemical reactions in cooking
unleashed flavours our ancestors never
experienced before and made their food
more delicious. In the same way, much has
been written about the origin of tool use,
but what has gone rarely noticed is that
nearly all of the first tools employed by our
ancestors were used to find foods that were
sweeter, more savoury, or otherwise tastier
than those that were readily available.
“Fire was just another tool. Once tools
and fire were invented, these foods eventually changed the evolutionary trajectory of
our ancestors, but first and foremost, this
path was led by flavour and taste.”
Compared to vision, the sense of taste is
considered simple and primitive, but only
because it remains the least understood.
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The sensory pleasures of taste
and smell might have played a
greater role in evolution than we
imagine, writes Annamaria Talas.
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ZEITGEIST FLAVOUR OF LIFE

SEARCHING FOR SALTY
The significance of taste goes back hundreds of millions of years, to when our
evolutionary ancestors crawled onto land.
In the ocean, organisms were bathed in
nutrients. On land, they faced scarcity:
food was harder to find and water
didn’t have enough salt for their
cells to function properly. The
desire for salt became important. In Africa and in the
Americas, animals walk
for miles just to get to
a salt lick, and their
reward for effort
is a pleasurable
salty taste.
But taste
never
exists
by
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itself; it functions in concert with our sense
of smell. You can verify this yourself with
the jellybean test. Pick up a jellybean in
one hand, pinch your nose tightly with the
other, then put the jellybean in your mouth
and chew it. Let’s say it’s fruit flavoured;
you’ll perceive tastes of savoury and sweet
but you won’t know which fruit until you release your nose – provided, of course, your
sense of smell is intact.
The test relies on a sensory pathway
called retronasal olfaction, or “mouth
smell”. As we eat and drink, volatile molecules shoot up through the nasal passage
to the nose and complete the experience as
flavour. “Nose smell” – sniffing – is called
orthonasal olfaction.
Taste and smell were thought to run
independently until they merged in the

This explains
why we have
television but not
Star-Trek-style
synthetisers that
can accurately
reproduce the
full spectrum of
flavours.

brain, but in April 2019, Monell Center
cell biologist Mehmet Hakan Ozdener
published his discovery of smell receptors
on the tongue’s taste cells.
“[Our laboratory can grow fully functioning taste cells outside the human body,”
says Ozdener. “One day, inspired by my
son’s idea that snakes smell through their
tongues, I exposed human taste cells to
odours. Surprisingly, the cells responded.
After my discovery was published, I received a number of emails from people all
over the world who had total [nasal] smell
loss, confirming that they could smell
through their tongue. What this means
is that the integration of taste and smell
begins on the tongue, not in the brain.”

LIBRARY OF FLAVOUR
Our taste and smell senses are magnitudes more sophisticated than vision. This
explains why we have television but not StarTrek-style synthetisers that can accurately
reproduce the full spectrum of flavours.
Nonetheless, that’s the ambition of molecular geneticist Robert Margolskee, Monell
Center director and one of the world’s
leading chemosensory researchers. He

believes that, given time, we’ll be able to digitise taste and smell. “Our dream is to move
from the analogue experience of flavour to a
digital library,” he says. “Once we have that,
we could share that information instantaneously and very accurately everywhere in the
world. This could be the foundation of a
new industry that is able to create any
kind of meal from scratch.”
The connection between
taste and vision is much
closer than we think.
In April 2020,
a team of
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The cones in human retinas allow us to process millions of hues, but they come in only
three basic colours – red, green and blue.
In contrast, we have about 50 known taste
receptors. Scientists are discovering new
tastes almost every year: calcium taste,
phosphorous taste, the taste of starch and
even the taste of some fats.
Taste evolved to detect poisons and nutritional elements in food: saltiness from
sodium chloride; savouriness from amino
acids; sweet from carbohydrates; sour from
acids. Phosphorous and calcium receptors
also help animals replenish their needs in
environments where those elements are
rare. Scientists at Philadelphia’s Monell
Chemical Senses Center posit the existence
of many more undiscovered taste receptors
– which raises the question: Why?
“Every living thing must solve an
equation,” says Dunn. “On one side is the
concentration of the different elements in the
body of an organism. How much nitrogen?
How much phosphorus? On the other side
is the chemical composition of the environment. The body needs to satisfy this equation
to survive – and [is] solving it through taste
and flavour; through being led to what they
need and away from what’s dangerous. Taste
leads us to reconcile differences between
our own bodily equation and what’s most
common out in the environment.”

scientists
led by molecular biologist
Craig Montell at the
University of 
California
Santa
Barbara
published
research that further extended
knowledge of receptors called opsins.
These proteins have been known as
light sensors since the 1870s, but in 2017
Montell and his colleague Nicole Leung
published research that revealed opsins had
multiple functions. Through studies involving fruit flies, the pair documented the role
of opsins in sensing temperature and sound;
and “there are hints”, they wrote, “that
opsins have light-independent roles in a
wide array of animals, including mammals”.
It turns out that opsins are involved in
taste sensing as well. In a 2020 paper, Montell, Leung and colleagues reveal that fruit
flies use opsins to detect bitter tastes, and
that this role is independent of their light
and other sensing. Since the ability to sense
chemicals in the environment is much
older than vision, this discovery points to
taste receptors having a much deeper evolutionary role.
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WHOLE BODY TASTE SENSATION
It’s well documented that the senses of taste
and smell are ancient. They extend back billions of years to the Archean age of bacteria.
Eons later, taste receptors were grouped
into tastebuds that are part of the peripheral
nervous system. Contrary to the concept
of the tongue’s “taste map” – which places
sweet taste at the tip of the tongue and bitter
at the back – tastebuds house receptors for
every taste all over the tongue.
In 2013, Monell Centre molecular
neuro
biologist Peihua Jiang published
research that suggested this is because

there are stem cells hiding at the base of
tastebuds. The question is how these
progenitors develop into different taste cells.
In humans, taste
buds are the only

But taste never
exists by itself;
it functions in
concert with our
sense of smell.
You can verify this
yourself with the
jellybean test.
organs other than the liver that are capable
of complete regeneration. Nature has been
very clear about the importance of taste
receptors. Far from being restricted to the
tastebuds, standalone taste receptors have
been discovered in many parts of the body,
including the lungs, pancreas, intestines,
nose and even gingiva, the gum that covers
the bone ridge surrounding the teeth.
These cells look and function like the taste
cells in tastebuds, detecting salt, savoury,
sweet, sour and bitter – but for reasons
that have nothing to do with taste.
Geneticist Paul Breslin from Rutgers
University in New Jersey, US, says taste
has two principal evolutionary roles: “One
is the conscious perception of taste, which
allows us to sample what’s coming in the
mouth and be aware of that. Is it nutritious? Is it poisonous? The other is the

unconscious
role of taste.
In the gastrointestinal tract, they
coordinate and regulate digestion. In their
absence, digestion simply
doesn’t happen. In the lungs
and nose, these solitary taste
receptors are the first responders
against invading pathogens. They
sense the presence of pathogenic bacteria and alert the immune system.”
In some people the bitter taste receptors are broken. These people typically like
things like broccoli, tea, coffee and dark
chocolate. We put it down to personal preference, but it’s because they’re not good
at detecting bitterness. It’s a genetic glitch
that’s present not just in the tastebuds but
also in the nose’s solitary taste-like cells.
This bias in taste also has health consequences: coffee-and-broccoli lovers tend to
develop chronic rhinosinusitis because they
are less likely to be able to detect invading
pathogens. Unaware, they go to their GP for
antibiotics and as soon as they stop taking
them, the infection returns.
From the dawn of time, chemosensors
helped organisms to survive. In multi-
cellular organisms, taste cells coordinate
and regulate digestion, and are in constant
communication with the immune system.
In mammals, taste and smell are connected
to pleasure, ensuring that animals eat what
they need.
“For millions of years, what we needed
was rare in the environment,” says Rob
Dunn. “But now, a stroll to the supermarket
provides everything we need, in excess. [In
evolutionary terms] this change happened
in the blink of an eye. We can’t wait for natural selection to correct our taste for our
unhealthy diet. Understanding taste and
flavour is the only way to solve the mismatch between what pleases us and what’s
good for us.”   

ANNAMARIA TALAS is a Eureka Prize-winning
filmmaker whose next film will explore the
evolutionary story of flavour.
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Rage, power, danger, love… how fitting that
red’s fiery, blood-soaked mark on the world
was born in ochre, dangerous minerals and
the crushed carcasses of countless bugs.

THE FIRST TIME HUMANS used pigments
to make communicative marks, they
used the colour red – ochre. As a mineral,
ochre doesn’t decay or wash away,
which gives it a powerful longevity.
This, says April Nowell, a paleolithic
archaeologist
from
Canada’s
University of Victoria, makes it “an
ideal crayon or paint base”.
The earliest evidence of humans
using ochre dates to Homo erectus,
285,000 years ago, while the earliest
known drawings by Homo sapiens – a
kind of cross hatch – were made by
crafted and portable ochre crayons
in Blombos Cave, 300 kilometres
east of Cape Town, South Africa.
The advent of this drawing
implement, says Christopher
Henshilwood from Norway’s
University of Bergen, means
“you can put a crayon into a
bag, walk over the landscape and
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Below: cinnabar is the
mineral; vermillion is
the scarlet pigment it
produces.

mark a rock or tree without needing to
make paint or engrave something.” And
this makes it easier to communicate.
Ochre was widely traded in
indigenous Australia, moving out
from major mining sites including
Yarrakina in the Flinders Ranges, Wilgie
Mia northeast of Geraldton, and Mt
Roland in Tasmania, where George A
Robinson wrote of watching women
mine the ochre and pack portions
into small kangaroo-skin bags.
Pigment from the Yarrakina mine
was transported more than 1000
kilometres north, beyond Alice
Springs, in 25 kilogram blocks,
while ochre from the open-cut pits
of Wilgie Mia was traded as far away
as the Nullarbor, the Kimberley and
Cape York. White and yellow ochres
were used for decoration, and Wilgie
Mia boasts seams of green ochre as well.
But red was the most powerful, the most
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SEEING

RED ZEITGEIST

prized and the most sought-after
of the pigments – the lustrous
sheen in some deposits, which
makes it “glow in the dark”,
is caused by the presence of
other elements including free
mercury (cinnabar) or mica.
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AT 700 NANOMETRES, red has the
longest wavelength of all visible
light. It gives way to the just-invisibility
of infrared, discovered by William
Herschel at the end of the 18th century
when he took the temperatures of the
different colours along the spectrum and
registered the temperature of the nocolour beyond red.
Red has a rich and complicated
currency. It’s a colour associated
with
diverse
moments
and
emotions, from the red heart of
Valentine’s Day love and emoji
affection to danger, wrath and
control – a portrait of Princess
Elizabeth, before being crowned as
Elizabeth I, shows her in a red dress and
coif to send an “unequivocal message
of… political and moral strength”. From
1645, England’s New Model Army,
dressed its infantrymen in Venetian red,
giving the British military an obvious
and distinctive power.
When the First Fleet set sail from
Portsmouth in the spring of 1787, it
carried a colonising cargo of convicts,
red-coated
marines
and
sundry
others, a strange assemblage of items
(including 100 pairs of scissors, a dozen
tin saucepans, a printing press and a
piano) and a shopping list of supplies to
lay in on its way via Rio de Janeiro and
Cape Town to Botany Bay. Among the
various industries the British hoped
might succeed in their new colonial
outpost was the manufacturing of
a supreme red dye – one that could
go up against a long-held Spanish
monopoly on the “brightest, strongest
red”, as Amy Butler Greenfield writes in
The Perfect Red, that the conquistadores
appropriated from the Aztecs. It was the
carmine red derived from cochineal.
Cochineal had become Spain’s
second most profitable export from the

New World after silver and
was so desired in the European
north that the Spanish
monarchy demanded tribute
of the stuff (6300 pounds per
annum by the early 1500s – or 2.8
tonnes), and its price was included
on the Amsterdam Commodity
Above: Elizabeth I, Queen
Exchange. It was the world’s most
of England; army of King
expensive dye between the 16th
Charles I on 14 June 1645;
and 18th centuries.
Porphyrophora hamelii
A Spanish ship that sank in
(armenian cochineal,
1541 was recorded as carrying a
ararat scale)
“full load” of the dye, which was
equal to 20,000 pounds (just over
nine tonnes); imagine the colour of that
ocean.
For more than three centuries, the
Spanish had insisted that the colour
was derived from a plant or a grain –
to obscure and secure the true source
of this bounty. In 1704, Antonie van
Leeuwenhoek – a Dutch businessman
and scientist now regarded as the father
of microbiology – placed a cochineal
particle under the lens of a newly
invented microscope and saw six legs, a
head and two wings. He was looking
not at plant, but at animal; it
was a bug. But this diagnosis
was only confirmed in 1777
when the French naturalist
Nicolas-Joseph Thiéry de
Menonville stole into the
cochineal source-state of
Oaxaca “secretly on foot”, and
managed to secure a supply of
cactus pads and their insects.
Captain
Arthur
Phillip
reached the port of Rio de Janeiro
10 years later with his shopping list
of “all such seeds and plants… as were
thought likely to flourish on the coast of
New South Wales, particularly coffee,
indigo, cotton, and the cochineal fig”.
He secured samples of Opuntia
monacantha (a species of prickly pear)
infested with the insects, and took
them onboard to settle them in the
new colony of NSW with hopes of
great industry.
The source of this colour is indeed
a small-scale insect, the cochineal
bug, designated as Coccus cacti in 1758

RED HAS A RICH
AND COMPLICATED
CURRENCY: ASSOCIATED
WITH MOMENTS AND
EMOTIONS FROM
DANGER, WRATH AND
POWER
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ZEITGEIST RED

HARVESTING THE
BUGS IS A DELICATE
BUSINESS; EACH ONE
HAS TO BE PICKED,
BRUSHED OR KNOCKED
FROM A CACTUS PAD
INTO A SMALL BAG
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from both the European Food Safety
Administration and the US Food and
Drug Administration. In 2019, the
FAO’s global Codex Alimentarius
allowed for Red No. 40 to be
included, in varying levels, in more
than 50 foods – ranging from candy
and cake decorations to canned or
bottled vegetables and seaweeds and
frozen fish.

THE COMPLICATIONS and
shortfalls of bright modern synthetic
reds, ochre and cochineal remain.
In Western Australia, the Wilgie
Mia mine is still in operation, and
ochre harvested there is still
in trade, continuing at least
50,000 years of the pigment’s
use across this continent
– from burial ceremonies
that
date
back
30,000
years at Lake Mungo in far
western NSW, to evidence
found in the 49,000-year-old
Adnyamathanha rock shelters at
Warratyi in the Flinders Ranges.
And the cochineal bug has found
a place in Australia’s landscape too.
Phillip’s plants – and plans – failed
to thrive. The prickly pear he carried
from Rio de Janeiro was not the same
species that later ravaged the Australian
landscape: that scourge, Opuntia stricta,
was introduced and widely distributed
in the 19th century as a potential stock
food, spreading voraciously until the
introduction of cactoblastis caterpillars,
Cactoblastis cactorum, which remains
one of the most successful stories of
biological control.
More recently, cochineal bugs
proved successful as a biological
control for another cactus,
Opuntia robusta, across 14
farms in South Australia.
The continent may host a
cochineal industry yet.
AMIDST

ASHLEY HAY is a novelist and the
editor of Griffith Review. Her colour
series has previously included purple,
green and yellow.
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by Linnaeus, and reclassified
Right: Dried
as Dactylopius coccus by the
cochineal beetles,
Italian zoologist Oronzo
whole and ground
Gabriele Costa in 1835. The
into carmine dye
bug is a parasite that feeds
on cacti and generates a bright
red carminic acid to ward off
predators.
Harvesting the bugs is a
delicate business; each one
has to be picked, brushed or
knocked from a cactus pad
into a small bag. The carminic
acid – which accounts for around
20% of its bodyweight – is extracted
and treated, either by immersion in hot
water, exposure to sunlight, exposure
to steam, or exposure to a hot oven to
create carmine. Each method generates
a different shade of red – as does the
process of obtaining cochineal dye, which
requires the raw and dried bodies of the
insects to be pulverised. One pound of
the colour can be sourced from 25,000
live insects… or 70,000 dried ones.
Colouring things red can be perilous.
From the 10th century BCE, a powerful
red called cinnabar was sourced from
mercuric sulfide (cinnabar is the
mineral; vermillion is the scarlet
pigment it produces). This
was used in everything from
sculptures and jewellery to
scrolls and frescoes, but had two
main disadvantages: it tended
to turn black when exposed to
light, and it was poisonous.
A 2013 review of the
toxicology of artificial food dyes
published in the International Journal
of Occupational and Environmental
Health described synthetic (or aniline)
dyes, as “complex organic chemicals…
originally derived from coal tar, but…
now made from petroleum”. Noting “the
inadequacy of much of the testing” and
“the fact that dyes do not improve the
Above: Prickly pear cactus
safety or nutritional quality of foods”,
(Opuntia) with ripe pink fruits;
the authors suggested that “all of the
Right: Flower of prickly pear
currently used dyes should be removed
cactus crop for cochineal
from the food supply and replaced, if at
production, Mala, Spain
all, by safer colourings”. As of 2017, two
red dyes – Red No. 3 (Erythrosine) and
Red No. 40 (Allura Red) – have approval
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Citizen scientists are
transcribing historical
weather journals to
help scientists better
understand Australia’s
climate history.
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IN 1896, THERE WAS A GREAT CELEBRATION for the unveiling of West Australia’s
weather observatory’s foundation stone in
the Perth Park (now Kings Park and Botanic
Garden). That year, Premier John Forrest
said that the observatory: “... showed that
in the time of our prosperity we were trying
to elevate and improve the public mind and
to do something for the encouragement of
the arts and sciences… Western Australians
might be proud they were doing something
to enlighten their people and to join hands
with the scientists all over the world.”
This journey of scientific discovery continues. Climate scientist Joelle Gergis, from
the Australian National University (ANU),
is leading the effort to rescue historical
weather records kept at the Perth Observatory as part of an international effort to
recover weather records from centuries-old
documents and ship logbooks from around
the world. The project is being completed
with the help of citizen scientists using the
Zooniverse online platform.

“By looking back at history, scientists
can learn a lot about how climate variability
and extremes impacted Australian society in the past,” says Gergis. “In Australia,
historical records have been relatively untapped for use in climate change research.”
Current understanding of Australia’s
weather and climate is based on the records
kept since the Australian Bureau of Meteorology (BoM) began taking official records in
1900. Yet daily accounts of the weather have
been recorded in Australia since the arrival
of the First Fleet. The problem is locating
and transcribing them. It’s estimated that
just half of the known historical weather observations globally have been digitised.
“Perth has daily weather observations
starting in 1830,” says Gergis. “There are
gaps in the record between 1876 and the
beginning of the Bureau of Meteorology’s
records in 1900. We are hoping that observations taken from the Perth botanic
gardens will provide a big part of the missing link needed to connect these records.”
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CITIZEN SCIENCE ZEITGEIST

ANU climate scientist Joelle Gergis (above right)
and citizen science officer Caitlin Howlett (above)
are getting help from citizen scientists to transcribe
handwritten weather records (above centre) taken
at the Perth botanic gardens (right) in the late 19th
century. Gergis is aiming to reconstruct Perth’s daily
weather record back to 1830, which will make it
Australia’s longest complete weather record.

Perth is a particularly important region
for studying past climate.
“Research shows that rainfall declines
in the Perth region have been caused by a
southward shift in the storm track since the
1970s. This means that rain that used to fall
on the land now ends up in the Southern
Ocean,” says Gergis.
“The aim of this project is to reconstruct Perth’s daily weather record back
to 1830. This will help us identify changes
in rainfall and temperature variability
and extremes and how these observations
compare to modern records. By looking at
historical pressure observations we can determine the weather systems that moved
across southern Australia in the past and
see how they might have changed.”
The National Archives of Australia’s collection contains weather records kept at the
site of Kings Park and Botanic Garden from
1880 to 1900, when the BoM’s modern
records began, so this project will help connect observations from 1830 to the present
(although a gap from 1876 to 1879 still remains). Once complete, it will be Australia’s
longest daily weather record, and one of the
longest in the Southern Hemisphere.
Peter Smith is one of those volunteering
to help. He worked for the BoM for 36 years
in pre- and post-computer times, manually updating Melbourne weather records
dating back to 1860. “I got involved in this

THE NEW PERTH
PROJECT
WILL DIGITISE
OVER 60,000
OBSERVATIONS
THAT HAVE NOT
BEEN ANALYSED
FOR A VERY UNDERSTUDIED PART OF
THE COUNTRY

online project because I’ve always been fascinated by weather and history,” he says.
“For me, it’s important to be a part of these
projects that are saving and sharing all the
available old weather data online, so it can
be analysed and kept forever, and be used
for climate change research. And, one of
the best things about it is having direct contact with the actual researchers through
Zooniverse.”
Gergis says that Smith’s meteorological background and ability to decipher the
sometimes-tricky handwriting has been
an asset. But you don’t need to have any
experience working with scientific data;
anyone can contribute.
“The new Perth project will digitise
over 60,000 observations that have not
been analysed for a very under-studied part
of the country,” says Gergis.
“The data transcribed by citizen scientists will be invaluable. This research will
really help the climate science community
to better understand past extremes and
how Australia’s climate might change in
the future.”
CAITLIN HOWLETT
Caitlin is the citizen science and communications
officer at Climate History Australia. To get involved
in this project, visit www.climatehistory.com.au

Find more citizen science projects to join
or learn about on cosmosmagazine.com,
as well as updates and interviews with
participants. And if you know of an
interesting project that you think we
should cover, feel free to let us know at
citizenscience@cosmosmagazine.com
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“Don’t let anyone rob you of your imagination, your
creativity, or your curiosity. It’s your place in the world;
it’s your life,” (3,7)

WHAT BETTER SPOT
TO WATCH OUR
FABULOUS WORLD IN
ACTION AND ENJOY
SCIENCE?
Celebrating casual
Friday in 2020’s socially
distancing times needs
some creative thinking,
as Oliver from Hobart,
Tasmania, kindly shared
with us. And what more
perfectly suited reading
matter to go with it?

INSTRUCTIONS
Answers to each of the clues in columns 1 to 10.
Row V reveals the answer.

COMPETITION

QUESTION
Whose Principle?

Decode where n =

CLUES AND COLUMNS
Which instrument measures the flow of fluids such as
blood? (9)
2 Who, along with her husband Walter, is remembered
in the name of the oldest Australian medical research
institute, created with funding from a trust she
established? (5,4)
3 Sometimes called a carboy and often cased in a basket,
what large bottle is used for transporting liquids and in
small-scale fermentation? (8)
4 Which form of farm fencing led to the creation of an
ecosystem that is being preserved in places such as the
UK? (8)
5 In the constellation Taurus, what remnant of a
supernova was first observed in 1054? (4,6)
6 Which annual memorial medal for research in
chemistry is named after a chemistry professor and
was won by Amir Karton in 2018? (2,5)
7 What is the scientific term for “bloodlike”? (9)
8 Which branch of zoology studies snakes? (9)
9 What is extreme generalised edema? (8)
10 Which method of volumetric chemical analysis
is a redox titration where the appearance or
disappearance of elementary iodine indicates
the end point? (9)
1

HINT:
It is one of three laws of motion.

Email your answer to:
competitions@cosmosmagazine.com
with your name and address by
30 January 2021. Three correct
entries will win a Cosmos prize pack.
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NO.15

22

WHO SAID?
Heaviside
Oliver Heaviside (1850–
1925): electrical engineer,
mathematician and physicist

COMPETITION WINNERS

It Figures 

NO.15

INSTRUCTIONS
Using the clues below
place the numbers
1 to 16 correctly in
the grid. How many
clues do you need?

LEVEL 1 – CHIEF SCIENTIST
1 The product of the numbers in Row C is
equal to the factorial of the number in the
top left corner.
2 The upward sloping diagonal is made up
of all prime numbers.
3 The second number in every column is 4
less than the third.

WHOSE LAW?

4 	
The number 15 ends a column which
contains all of its factors.
5 75% of the numbers which share a column
with the highest prime are multiples of the
number beginning Column 3.
LEVEL 2 – SENIOR ANALYST
6	
There is only one two-digit number in the
middle two columns.
7	
Row D ends with two square numbers.
LEVEL 3 – LAB ASSISTANT
8	
The product of the outer two numbers in
Row B is 80.
9	
The first and last numnbers in Row A
add to 20.

The upward buoyant force that
is exerted on a body immersed
in a fluid, whether fully or
partially submerged, is equal
to the weight of the fluid that
the body displaces.
Archimedes of Syracuse

Congratulations!
These three lucky winners
received a Cosmos Prize Pack.
Colleen Madeley,
Western Australia
Charles Tivendale, Victoria
Jeanette Jones, Victoria
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PROFILE

Harrison
Price
SPACE
ENGINEER

IF HARRY PRICE was any more relaxed

he’d grow icicles – not a bad look
for a young man. From his native
Townsville, Queensland, he cast his
eye around at different universities
in Australia – “to see what they were
all doing; when you’re in Townsville
everyone’s just a plane flight away,
basically” – and settled on UNSW
Sydney, where he touched down with
the help of a Faculty of Engineering
rural scholarship.
He didn’t have a long-held or
familial pathway to engineering. “I
spent a lot of time in Dad’s shed I
guess, pulling things apart – I was
much better at pulling them apart
than putting them back together
again. But [with uni] I just kind of got
there and I put engineering.”
Harry enrolled at UNSW in
a degree that took him from a
Bachelor’s degree to a Masters in
five years. “It was worth it for the
Masters, really, doing it that way. I
think I made the right choice.” And
his timing was just about perfect.
“One of the big selling things with
UNSW was they were just launching
the UNSW-EC0 CubeSat. And that
really thrilled me. I saw that and I
thought, that’s where I want to be.”
In his second year Harry joined a
UNSW society called BLUEsat that
really piqued his interest. “They’ve
done a few little funny launches –
not orbital launches or anything
like that, but on little rockets that
another society built. We sort of
114 – COSMOS Issue 88

just muck around with space stuff.
They operated the ground station
for a little bit for UNSW-EC0. It was
really really interesting.
“I never thought I’d work on
anything that would go into space.
But I sort of just fell into it and here I
am. That’s really cool.”
Degrees and space experience
sorted, Harry’s moving to Adelaide
to work for a contractor building
future submarines. “It’s a bit of
a weird change of pace but it’s a
company I really want to work at, so
I’m really excited.”
Harry’s a pin-up for “anything’s
possible”: just give it a go, he says of
engineering. “Everyone’s so keen and
passionate about what they do, they’re
always welcoming to new people. If
you don’t like it you don’t like it – if
you like it, it could be a career.
“The birth of really small start-ups
is so exciting. It’s a really good time
right now.”
READ MORE ABOUT CUBESATS AND
UNSW-EC0 IN OUR STORY ON PAGE 32

“I NEVER THOUGHT
I’D WORK ON
ANYTHING THAT
WOULD GO INTO
SPACE. BUT I SORT
OF FELL INTO IT
AND HERE I AM.
THAT’S REALLY
COOL.”

SUPPORT
STEM
LEARNING
WITH THE SCIENCE
OF EVERYTHING

education.australiascience.tv

CALL FOR ENTRIES
Have you produced a film, television
series, documentary, educational
video, short, or animation that has
a science theme? We’d love to hear
from you.

Entries close 13 February 2021

To learn more, visit

scinema.org.au
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