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From the Editor

Minds in Motion

T°S OFTEN SURPRISING TO ME HOW PROFOUND INSIGHTS CAN

arise from simple questions. Here’s one: How does the

brain capture a single concept? Naturally, our minds

make use of networks of neurons—but are they sparse

or distributed over large populations of cells? Research-
ers are exploring and debating that question and will likely be
doing so for some time.

There is now evidence that each of
us has sets of “concept cells” that know
all the 10,000 or so concepts that a typi-

cal person remembers. As the cover sto-
ry, “Brain Cells for Grandmother,” by
neuroscientists Rodrigo Quian Quiro-
ga, Itzhak Fried and Christof Koch,
explains, these groups of neurons not
only recognize an image of, say, your
grandmother, they also react to her
written name and to things that are
closely related to her. The concept cells
appear to link perception to memory,
give representation of meaningful con-
cepts and form the building blocks of
memory. Turn to page 30 for the article.

A different kind of tangible con-
nection is at work in “Secrets of Primi-

tive Meteorites,” by geochemist Alan
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only see celestial bodies from a great distance, Rubin says he
derives emotional and intellectual satisfaction from being able
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where our concept cells can properly appreciate them.
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RESEARCH AND INCOME
In “The Other 1 Percent,” Paula Stephan
provides no evidence that income inequal-
ity positively affects scientific output, as
she argues. As she mentions, the U.S.
pours more than 0.3 percent of its (very
large) GDP into science, and there are 100
other reasons—social, economic and his-
torical—for high U.S. publication rates.
The only evidential statement made,
about Saudi Arabian output, goes against
the article’s main point (illustrating that
high pay has not correlated with top re-
search rankings), but even here it is diffi-
cult to discern the relative contributions
of size, geographic location, and so on.
ADRIAN ROBERT
Spafford, N.Y.

STEPHAN REPLIES: Robert’s point is well
taken. In my book How Economics Shapes
Science, I explore a number of factors that
contribute to scientific productivity and
provide a considerable amount of quanti-
tative analysis.

INTERDISCIPLINARY EXCESS

Although I can appreciate Arizona State
University’s efforts to redefine the bound-
aries of existing departments to develop
synergies (such as by combining cosmolo-
gy with geology), as described by Michael
M. Crow in “Citizen Science U.,” I can’t
help but remember my experience as an
undergraduate computer science major

8 Scientific American, February 2013

“I am skeptical
whether Arizona
State University’s
consolidation of
departments will
lead to the same
depth of classroom
content.”

ERIC MANN HILLSBORO, ORE.

at the University of Illinois at Urbana-
Champaign. Geology 105 taught me many
basic premises about fossil fuels—gross
availability, practical aspects to extrac-
tion, and application of the various prod-
ucts. I am skeptical that recasting the
topic of geology into a larger department
spanning from coal production to the for-
mation of gas giants would lead to a simi-
lar depth of classroom content.
Eric MANN
Hillsboro, Ore.

NONCODING DNA’S VALUE
In Stephen S. Hall’s interview with Ewan
Birney [“Journey to the Genetic Interi-
or”], Birney deprecates the term “junk
DNA” for sequences whose function we do
not know, but he is conservative on how
much of nonprotein-coding DNA may be
functional (“between 9 and 80 percent”).
The fact that the entire genome is copied
at every cell division suggests that close to
100 percent of DNA must be functional.
Had any significant portion of DNA been
nonfunctional in the past, evolutionary
pressure to develop an editing-out mech-
anism to increase the cell’s energy effi-
ciency would have been tremendous.
Birney also uses the conservative term
“regulation” to describe how the 98.8 per-
cent of nonprotein-coding DNA interacts
with the 1.2 percent of protein-coding seg-
ments. It is more useful to describe the
entire genome as software: instructions
for cells to build copies of themselves and
assemble cells into life-forms. In this view,
the protein-coding segments are thought
of as fixed-value strings within the code.
If we could send a personal computer
with Microsoft Excel and a copy of its

source code back in time to Alan Turing,
it seems unlikely that on comparing the
screen output with the source code, Tur-
ing would conclude that fixed values
such as “File,” “Edit” and “View” were the
essence of the software and that the other
99 percent merely “regulated” the opera-
tion of the fixed values.
MavrcoLm HAMER
New York City

SPEAKING SCIENCE
In “Culture of Creativity,” Fred Guterl
interviews Paul Nurse, who concludes,
“Scientists speak the same language.” This
may be figuratively true of the language of
science, but verbally, they speak many dif-
ferent languages. It might thus be inter-
esting to read an article on the language
barriers to scientific communication and
how they are overcome. Because Ameri-
can science predominates, is English the
lingua franca of global science? Do our
schools promote STEM students learning
foreign languages?
Davip W. Brigas
Marion, Mass.

WHY NOT WIDGETS?
In “Why Germany Still Makes Things,”
Stefan Theil points to the use of new tech-
nology and manufacturers and research-
ers working closely as major reasons Ger-
man manufacturing remains competitive.
Both the U.S. and Germany still excel
at making complex, high-tech items, but
it seems that the former can no longer
economically produce simple items, such
as Keck clips (plastic clips used to hold
pieces of glassware together), whereas
the latter still can. Perhaps Germany has
something to teach us in this sort of man-

ufacturing as well.

HowARrD J. WiLK
Philadelphia

EMPATHY AND PSYCHOPATHY
“The Wisdom of Psychopaths,” excerpted
from a book by Kevin Dutton, refers to a
lack of empathy as a psychopathic trait
that can be beneficial. Yet the term “psy-
chopath” refers to a person whose behav-
iors are habitually amoral and antisocial.
The intensely focused individuals cited
by Dutton are engaged in prosocial activi-
ties, which is moral, not psychopathic, be-
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havior. Principles such a rationality, iden-
tity, group or creedal loyalties, fears of
punishment/consequences and long-range
self-interest direct their morality even
though they lack empathy. Lack of empa-
thy does not a psychopath make. Dutton’s
“wisdom” of psychopathy is a misnomer.
ANDREW D. WHITMONT
via e-mail

DUTTON REPLIES: No one defining fea-
ture separates the psychopath from the
nonpsychopath. The characteristics that
mark psychopaths out from the rest of us,
like any other personality characteristic,
are evenly distributed across the general
population as a whole. Just as there exists
no official dividing line between someone
who plays the piano and a concert pia-
nist, the frontier between a “pure” psycho-
path and someone who merely “psychopa-
thizes” is blurred. One individual, for ex-
ample, may be ruthless, fearless and
demonstrate a sublime lack of empathy
but at the same time act neither violently
nor antisocially nor without conscience.

Scoring high on three psychopathic
characteristics, such an individual might
rightfully be considered further along the
“psychopathic spectrum” than one scoring
low on those three traits but wouldn’t be
anywhere near the “danger zone” of some-
one scoring high on all of them.

Taking such a dimensional perspective
on psychopathy, there is indeed “wisdom”
to be found in possessing various combina-
tions of psychopathic traits, at various lev-
els, across various professional contexts.

THE BRAIN AND AGENCY

“The Language of the Brain,” by Terry
Sejnowski and Tobi Delbruck, raises sever-
al philosophical questions. The phrase
“the brain makes sense of our experiences”
spurs the question of where the implied “I”
comes in. Later, I read that “a neuron fires
a spike after deciding....” So neurons do
the deciding! And further on, we have:
“the brain takes such synchrony to mean
that the signals are worth noting.”

The question is: What is the differ-
ence between brain and mind, and how
much control does my brain or mind (or
I) have over my actions and thoughts?

ANDREW MILNE
Dunstable, England
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Science Agenda by the Ediors

Opinion and analysis from Scientific American’s Board of Editors

Beware the
Destiny Test

Unborn children will soon have
their genes mapped. Without
proper guidance for parents,

the tests could prove calamitous

In a few years you will be able to order a transcript of your
entire genetic code for less than $1,000. Adults cannot do much
to alter their biological lot, but what if parents could examine
their unborn child’s genome? Without proper guidance, they
might decide to take drastic measures—even to end the preg-
nancy—based on a misguided reading of the genetic tea leaves.

Two different university laboratories have developed tests
that will reveal the entirety of a fetus’s genetic code using just a
blood sample from the mother (or that sample plus a drop of
saliva from the father). Prenatal whole-genome sequencing will
provide volumes of information beyond the currently available
tests for genetic disorders such as Down’s syndrome or Tay-
Sachs disease—assays that parents now use to decide how to
respond to a pregnancy. The three billion units of code fur-
nished in the new tests will also dwarf the relative trickle of
information provided by consumer gene-testing services such
as 23andMe, which currently look (postnatally) only at perhaps
about one million locations in the genome.

Any woman who undergoes such a test will quickly learn that
there is no such thing as a perfect baby. Parents will encounter
hundreds and, as the science progresses, thousands of instances
in which a particular variant of a gene may statistically suggest
(but not guarantee) their child’s future. Will the child-to-be one
day suffer from melanoma or diabetes? What about obsessive-
compulsive disorder? Moreover, clues will emerge in whole-
genome scans about not only health prospects but personality as
well—whether she is likely to become an introvert or be able to
carry a tune or star in high school sports. Whole-genome scans
will tell parents a story about a particular future for their child—
a future that those parents may not be rooting for.

A compelling example of the angst-provoking uncertainties
involved has been raised by bioethicist and Scientific American
advisory board member Arthur Caplan. What if a test picks up
the gene for albinism? Being an albino is not a disabling medical
condition, but it can be a social burden. Might that be enough for
some parents to consider ending the pregnancy?

Attitudes toward child rearing might also change, as parents
wonder whether their Kkid is just being bad or whether that tan-
trum is an example of a dysfunctional serotonin transporter gene.
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Without careful planning, moreover, the new prenatal genetics
might rob a child of the freedom to make decisions best left until
adulthood—whether or not to learn, for instance, if a mutation
predicts the inevitability of Huntington’s disease 20 years hence.

A customer of 23andMe can receive information via the Inter-
net about a multifold greater risk of breast cancer or Alzheimer’s
disease without conferring with a genetics counselor. A similar
laissez-faire approach to prenatal whole-genome testing, which
might involve the decision to abort a pregnancy based on a per-
sonal and possibly inaccurate interpretation of dense and con-
fusing genetic data, could portend tragedy.

Ultimately the U.S. Food and Drug Administration, genome-
testing companies and professional societies such as the Ameri-
can Society of Human Genetics will need to develop a compre-
hensive policy on prenatal whole-genome testing. One option is
to require that parents receive a filtered set of information from a
genetics counselor. Bioethics scholars affiliated with the National
Institutes of Health wrote an analysis last summer that calls on
the medical community to develop a guide to the most relevant
genomic data for future parents (life-threatening disease risk
obviously tops the list). The report also recommends safeguard-
ing the future child’s right not to be told about later-in-life dis-
ease risk until adulthood.

Unfortunately, there aren’t nearly enough trained genetics
counselors to handle the coming upsurge in demand for this type
of information. And neither physicians nor other health profes-
sionals know enough about genomics and its relevance to serve
as steady guides. Without access to a much higher level of refined
expertise, the secrets of our offspring’s genetic code will continue
to remain an unnerving cipher—or worse.

SCIENTIFIC AMERICAN ONLINE
Comment on this article at ScientificAmerican.com/feb2013
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Michael Fertik is founder and CEO of
Reputation.com, which is a member of the
World Economic Forum Global Agenda
Council on the Future of the Internet.

A Tale
of ' T'wo
Internets

Ninety-nine percent of us
live on the wrong side of
a one-way mirror

Imagine an Internet where unseen hands curate
your entire experience. Where third parties pre-
determine the news, products and prices you
see—even the people you meet. A world where
you think you are making choices, but in reality,
your options are narrowed and refined until you
are left with merely the illusion of control.

This is not far from what is happening today. Thanks to tech-
nology that enables Google, Facebook and others to gather
information about us and use it to tailor the user experience to
our own personal tastes, habits and income, the Internet has
become a different place for the rich and for the poor. Most of us
have become unwitting actors in an unfolding drama about the
tale of two Internets. There is yours and mine, theirs and ours.

Here’s how it works. Advertising currently drives the vast
majority of the Internet industry by volume of revenue. Silicon
Valley is excellent at founding and funding companies that give
you free apps and then collect and sell your data when you use
them. For most of the Internet’s short history, the primary goal
of this data collection was classic product marketing: for exam-
ple, advertisers might want to show me Nikes and my wife
Manolo Blahniks. But increasingly, data collection is leapfrog-
ging well beyond strict advertising and enabling insurance,
medical and other companies to benefit from analyzing your
personal, highly detailed “Big Data” record without your knowl-
edge. Based on this analysis, these companies then make deci-
sions about you—including whether you are even worth mar-
keting to at all.

As a result, 99 percent of us live on the wrong side of a one-
way mirror, in which the other 1 percent manipulates our experi-
ences. Some laud this trend as “personalization”—which sounds
innocuous and fun, evoking the notion that the ads we see might
appear in our favorite color schemes. What we are talking about,
however, is much deeper and significantly more consequential.

For example, federal regulations make it illegal to discrimi-
nate in pricing access to credit based on certain personal attri-
butes. But, as Natasha Singer recently reported in the New York
Times, technical advances in mining online and offline data have
made it possible to skirt the spirit of the law: companies can sim-
ply not make any offers to less credit-attractive populations. If

Tllustration by Izhar Cohen

Forum by Michael Fertik

Commentary on science in the news from the experts

you live on the wrong side of the digital tracks, you won’t even see
a credit offer from leading lending institutions, and you won’t
realize that loans are available to help you with your current per-
sonal or professional priorities.

For the past decade, e-commerce sites have altered prices
based on your Web habits and personal attributes. What is your
geography and your past buying history? How did you arrive at
the e-commerce site? What time of day are you visiting? An entire
literature has emerged on the ethics, legality and economic
promise of pricing optimization. And the field is advancing
quickly: last September, Google received a patent on technology
that lets a company dynamically price electronic content. For
instance, it can push the base price of an e-book up if it deter-
mines you are more likely to buy that particular item than an
average user; conversely, it can adjust the price down as an incen-
tive if you are judged less likely to purchase. And you won’t even
know you are paying more than others for the exact same item.

These blind walls also appear in our digital political lives. As
Eli Pariser has observed, the Internet shows us “what it thinks we
want to see” by serving up content that matches the hidden pro-
files created about us based on our daily online interactions. This
behind-the-scenes curation reinforces our political points of view
through online “echo chambers” that affirm, instead of challenge,
what we already believe to be true. As Harvard University scholar
Cass Sunstein has written, liberals and conservatives who delib-
erate questions openly only with people of the same political
stripe become more confident and extreme in their views.

Segregation and separation are on the rise. The fun of person-
alization has a dark side.

SCIENTIFIC AMERICAN ONLINE
Comment on this article at ScientificAmerican.com/feb2013
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Dispatches from the frontiers of science, technology and medicine

ENVIRONMENT

A Dirty Business

Some say increased production at Canada’s oil sands means “game over for climate change”

The remote northern corner of Alberta is home to the tar
sands, a sprawling deposit of thick, heavy oil that is among the
most greenhouse gas-intensive forms of petroleum to produce.
In the past decade Canada has become the U.S’s primary sup-
plier of imported petroleum—ahead of Saudi Arabia—and
more than half of it comes from this Florida-size reserve, the
only place in the world where 0il is mined, not drilled. Should
President Barack Obama sign off on construction of the Key-
stone XL pipeline this year, the flow of tar sands oil, known as
bitumen, into the U.S. would increase.

Sourcing more oil from Canada achieves the politically
desirable goal of making the U.S. less dependent on OPEC. But
bitumen exacts a heavy toll on the environment. As compared
with conventional Saudi oil, it emits twice as much greenhouse
gas per barrel because of the resources needed to process it.
And although it is net-positive— providing between 7 and 10
Btu (British thermal units) of energy for every 1 Btu put into
the tar sands—it is less so than conventional petroleum. Once
it is mined, bitumen requires large amounts of gas-heated
water to melt and separate it from the coarse grains of sand to
which it is bound. At that point, the bitumen is still too tarry to

14 Scientific American, February 2013

flow, so it has to be chemically manipulated with heat and
pressure to become yellowish crude oil, diesel, jet fuel or other
typical hydrocarbon products. Or it can be diluted with light
hydrocarbon liquids to become pitch-black “dilbit” (for “dilut-
ed bitumen”), capable of traveling via pipeline to the U.S.

Some environmental scientists see tapping the oil sands as
a disastrous tipping point for global warming. In an analysis of
how to restrain warming to an increase of two degrees Celsius
or less above preindustrial levels, the International Energy
Agency suggested that tar sands production should not exceed
3.3 million barrels a day. Yet approved tar sands production
would surpass five million barrels a day—a fact that NASA cli-
matologist James Hansen calls “game over for climate change.”

Of course, the true challenge is reducing the use of all fossil
fuels, not just oil. U.S. coal-fired power plants produce 10 times
more carbon dioxide than Albertan oil sands. Even so, power
plant emissions have begun to decline, while the Canadian Asso-
ciation of Petroleum Producers notes that CO, pollution from oil
sands has risen 36 percent since 2007. As the U.S. weighs con-
struction of the Keystone XL pipeline, the problem of tapping
the oil sands is only getting stickier. —David Biello
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ASTRONOMY

Ring Theory

The solar system’s moons may have
emerged from long-gone planetary baubles

As Carl Sagan once said, “If you wish to make an apple
pie from scratch, you must first invent the universe.”
And if you wish to make a moon from scratch, accord-
ing to new research, you must first create planets with
rings (after inventing the universe, of course).

Earth’s moon may have emerged from a long-van-
ished ring system, much like the rings still encircling
Saturn—and the same goes for many of the satellites
orbiting the other planets. The bulk of the solar sys-
tem’s regular satellites—those moons that stick close to
their planets in roughly equatorial orbits—formed this
way, rather than taking shape simultaneously with the
planets as a direct result of planet formation, French
astrophysicists have concluded. The researchers reported their
findings in a November 2012 issue of Science.

Through theoretical modeling, Aurélien Crida of the Univer-
sity of Nice Sophia-Antipolis and Sébastien Charnoz of the Uni-
versity of Paris Diderot found that the moon-formation action
begins at the edge of a planetary ring, where a satellite can take
shape without being shredded by the gravitational pull of the
planet. There moonlets coagulate from the ring material before
migrating outward. As the ring system spits out moonlet after
moonlet, the small objects merge to form larger moons, which

Saturn’s rings

may merge in turn as they spiral outward from the planet.

The new hypothesis seems to explain a key commonality
among the regular satellites of Saturn, Uranus and Neptune—
namely, that moons farther from their respective planet tend to
have larger masses than their closer-in neighbors. Like a snow-
ball rolling downhill, the coalescing moons grow larger and larg-
er as they drift farther from the planet and its rings and undergo
progressively more mergers along the way. The end result is a
neatly ordered satellite system, with small moons on the inside
built from few moonlets and large moons farther out built from

G

HEALTH

Worm Elixir
Parasite eggs may
soothe the stomach

Intestinal issues are not just
for humans. Rhesus macaques
living in captivity often develop
chronic diarrhea similar to the hu-
man autoimmune condition ulcer-
ative colitis. Now these animals are
providing new insights about a
cure for this condition in both spe-
cies—and that cure is worms.

Small human trials have found
that giving people pig whipworm
eggs can reduce symptoms of in-
flammatory bowel disease (IBD).
In developing countries where IBD
is much less common, parasitic

AMIMIMIMIIMIIMThnenaa.

worms (helminths) are often
endemic, perhaps conferring some
benefit. But scientists have still
been parsing out why the presence
of these worms might work so well.
For the new study, P'ng Loke, an
assistant professor of microbiology
at New York University Langone
Medical Center, and his colleagues
selected five juvenile rhesus ma-
caques with idiopathic (cause un-
known) chronic diarrhea. Each
monkey was fed 1,000 parasitic
whipworm (Trichuris trichiura)
eggs. After the treatment, four of
the five monkeys had improved and
regained weight. The findings were
published online in PLOS Pathogens.
The researchers found that the
ill monkeys started out with an ab-
normally high rate of bacteria at-
tached to the mucosal membranes

of their colon. After the treatment,
bacterial communities in their co-
lon had changed substantially, sug-
gesting that exposure to helminths
may help restore the balance of
microbial communities in the gut.
The team speculated that the
presence of the parasite eggs stim-
ulated extra mucus production and
healing, in addition to renewing
epithelial cells, which line the gut.
These changes helped to reduce
the quantity of bacteria that could
attach to the gut lining and rev up
the immune response unnecessari-
ly. Loke and his colleagues are now
starting a human trial to test pig
whipworm eggs as a treatment for
ulcerative colitis. If it proves success-
ful and eventually makes it to mar-
ket, just think of them as the caviar
of probiotics. —Katherine Harmon

//////////////////////////////////////////////////////W

iy

numerous moonlets.

Planetary scientists gener-
ally accept that a giant impact
into the newly formed Earth
ejected a huge cloud of materi-
al that became our moon. In
Crida and Charnoz’s concep-
tion, that ejecta first flattened
into a ring around the planet,
which then spread out and
coagulated into the moon.

The new hypothesis is not
without its problems. For
example, if extensive, Saturn-
like ring systems once adorned
Neptune and Uranus, where
are they now? “We have a few
ideas, but nothing too convinc-
ing,” Crida says. “But I think
we can find good reasons for
the disappearance of the rings,
and the satellites remain as the
smoking gun.” —John Matson

February 2013, ScientificAmerican.com 15



“Braveness in the face of
tofu a plus.”

(from Science Connection member profiles)

“Looking for someone to write home
to Mother about.”

“Can fix most things, given enough
time & especially ifit isn't worth
repairing in the first place.”

“Factor polynomials for relaxation,
want to move on to sequences.”

“Jewish, please. Not important if
religious, but I can't keep explaining

the jokes.”

“Attempts understanding women but
mostly in awe...”

SciConnect.com (Join us!)

PROMOTION

Wwiiricas Classics

Discover the Future through our Past.

TR

SCIE AMERICAN s

INTE AME B i —
RIC ~ AN

l i
—

rhe . ” s
Yowr Sevured Brain

SCIENTIFIC AMERICAN Classics are single-
topic anthologies compiled from
SCIENTIFIC AMERICAN's 167 years of
extensive historical archives as 70+ page
PDFs. New Classics are introduced
weekly and are priced at $9.99 per issue.

Learn more at

and start your collection today.

Collection includes: A New Look at Human Evolution,
The Hidden Mind, Birth of Flight, Reality-Bending
Black Holes, Tragedy and Triumph, Your Sexual Brain,
The Titanic and Age of the Transatlantic Steamship

16 Scientific American, February 2013

ADVANCES

ECOLOGY

Where No Tree
Has Gone Before

As the climate warms, forests
encroach on meadowland

In perhaps the slowest invasion in history,
mountain meadows in the Pacific North-
west—where hikers and backpackers revel in
breath-taking scenery—are gradually giving
way to hemlocks, Pacific silver firs and other
conifers. In these high-elevation, subalpine
meadows of Jefferson Park in the central Cas-
cade Range in Oregon, snow typically covers
the meadows until July or August and returns
again in November or December—too short
a growing season for most trees to take root.
But with a warming climate, snow has begun
melting earlier and growing seasons have
lengthened; that extra time with little or no
snow cover has given trees a boost. As a re-
sult, tree occupation rose from 8 percent in
1950 to 35 percent in 2008, reports a U.S.
Department of Agriculture Forest Service-
funded study published last October in Land-
scape Ecology.

At a time when so many forests are
threatened, aren’t more trees something to
celebrate? Not necessarily, say the authors of
the new study. These tall trees block light that
meadow grasses, shrubs and wildflowers
need to survive. Once trees become estab-
lished, the surrounding seed banks of native
grasses tend to fade away. The meadows’

Jefferson Park, Oregon

“biodiversity value is much larger than the
amount of area they occupy,” explains lead
author Harold S. J. Zald, postdoctoral research
associate at Oregon State University, who
hatched the idea for the study while back-
packing in the Cascade Range. The research-
ers do not yet know which plant or animal
species would be endangered.

The scientists did find one bright spot:
depressions in the landscape carved out by
glaciers held deeper snow that lasted longer
through the summer. Such indentations might
hold important reservoirs of meadow species
even as global temperatures rise, Zald says.

To gather data, the researchers pinpointed
study plots with GPS, counted trees by spe-
cies, measured snow depth in late July, and
sleuthed back through time by taking tree
core samples to determine their age. Using
LiDAR data—*“basically laser beams sent
down from an airplane;” Zald explains—the
team created a precise, three-dimensional
map of vegetation, rock and soil, helping the
researchers understand where trees became
established and how deep the snow was over
the rugged landscape.

Although there is still much to learn, the
study highlights yet another impact of climate
change. “Over the past 20 years in the Pacific
Northwest, we've been focused on conserva-
tion of old-growth forests as well as conserva-
tion of species such as the spotted owl and
salmon,” Zald says. “But in the process, we
haven't really paid attention to meadow de-
cline. Moving forward, this may be an emerg-
ing conservation issue.” —Carrie Madren
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PATENT WATCH

System and method for aquaculture of marine life-forms: Live corals make a stunning addition to
marine aquariums, but harvesting mature coral from the wild threatens rare reef ecosystems. Coral
cultivation or aquaculture could help, especially in the U.S., where hobbyists buy approximately 80 percent of
the live coral sold in the world. The challenges to culturing corals include generating the kind of
multidirectional, strong currents created by waves and tides, which are necessary for reef organisms to
thrive. Karen Spartz, who owns an aquaculture business in Indiana, came up with a solution.

Patent no. 8,267,045 describes a system that mimics a marine environment through water chemistry, temp-
erature and the use of natural light to grow a host of organisms, among them sea stars, anemones, fish and corals.
Many of these techniques are common solutions in the aquaculture business, but Spartz added a large rotating
tray. The wheel-shaped tray is buoyed by floats and balanced by the distribution of individual domesticated
corals. Asingle pump moves water through a
refugium—a subtank separated from, but sharing
water with, the main tank—containing macro-
algae that filter and clean the water. Well-placed
outlets funnel the water back to the main tank and
spin the tray, giving riding organisms a constant
current. “The corals like turbulence,” she says.

Spartz’'s patent also proposes a variation: a tray
rigged with sails and propelled by a fan. The wind-
powered setup could be used to culture organ-
isms such as sea horses and nudibranchs, which do
not tolerate direct water flow, says David Baker,
an assistant professor of biological sciences at the
University of Hong Kong.  —Marissa Fessenden

PHYSIOLOGY

Your Brain on Sports

New evidence links athletic injuries to debilitating damage

Helmets protect the heads decline also associated with

of football players and Alzheimer’s. In CTE,
military personnel—but however, these tangles
they can’t fully protect appear in different

the brain from dam-
age as it bumps

regions of the brain
and spread in a dis-

against the skull tinctly patchy man-
after impacts. Stud- ner. The initial abnor-
ies have linked such malities seem to
repeated trauma to a reflect the physical
devastating brain dis- injury, and work with
ease. On December 2, animal models suggests
2012, researchers at the that the disease’s pro-
Boston University School gression may relate to

of Medicine, the U.S. timing between injuries:

when there is insufficient
opportunity to heal, each subsequent
hit further damages the brain.

The study strengthens the argument
that head injuries sustained by athletes
contribute to this disease. Of the 85 sub-
jects, 68 cases had CTE, of whom 64 had
played contact sports such as football or
hockey. The study, however, does not
explain why individuals with similar
histories do not show signs of this dis-
ease. Study author and neuropathologist
Ann McKee of the Bedford Veterans
Affairs Medical Center in Massachusetts
says, “It really speaks to the urgency of
more research to figure out why some
people—probably genetically—are pre-
disposed” to CTE. —Daisy Yuhas

Department of Veterans

Affairs and other institutions pub-
lished findings online in the journal
Brain that document the changes
caused by chronic traumatic encepha-
lopathy (CTE). The analysis offers the
most detailed portrait yet of the dis-
ease’s pathology and how it is distinct
from other neurodegenerative disorders
such as Alzheimer’s disease.

The researchers analyzed samples
from the postmortem brains of 85 sub-
jects, including athletes and veterans
who had a history of traumatic brain
injuries. These samples revealed the dis-
ease’s progressive course through the
brain, including the presence of tangled
tau proteins, a marker of cognitive
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MEDICINE

Stopping Superbugs

Real-time genetic sequencing could keep
hospital outbreaks in check

Genetic sequences of drug-resistant
bacteria have helped scientists better
understand how these dastardly
infections evolve and elude treatment.
Preventive measures such as increasing

@0

MRSA

health care worker hand washing and ,"'

isolating infected patients have reduced the spread of

many health care-acquired infections. Yet these preventable

infections still kill some 100,000 patients in the U.S. every year.
Researchers might soon be able to track outbreaks in real

time, thanks to advances in sequencing technology. Genomics

has the capacity to “revolutionize current practice in clinical

microbiology,” wrote Mark Walker and Scott Beatson of the
School of Chemistry and Molecular Biosciences and the
Australian Infectious Diseases Research Center at the Uni-
versity of Queensland in Australia, in an essay published online
last November in Science. Until now clinical microbiology has
relied primarily on culturing pathogens in the laboratory to
study strain differences—a time-consuming process.

Some promising examples have already emerged. A 2011
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Naps
in Space

New lamps could
help astronauts get
more shut-eye

How many NASA engin-
eers does it take to change
a lightbulb?

The question is no joke to
NASA, which is investing $11.4
million to change out aging
fluorescent lights in the Inter-
national Space Station’s U.S.
On-orbit Segment. When
NASA began considering the

replacements, doctors realized

they had an opportunity to
tackle an entirely different
problem: astronaut insomnia.

Sleep deprivation’s fuzzi-
ness is an annoyance on Earth
but dangerous in space. Al-
though their schedule allows
for 8.5 hours of shut-eye a day,
astronauts average barely six
hours, says NASA medical offi-
cer and flight surgeon Smith
Johnston. A combination of

floating, noise, variable temper-
ature, poor air circulation, back-

aches and headaches, and a
new dawn every 90 minutes
confuses circadian rhythms.
NASA hopes to fix at least part

of the problem with new lamps.

Sleep scientists have found
that when specific light recep-
tors in our eyes are exposed
to a particular wavelength of
blue light, we feel more alert
because the brain suppresses
melatonin, a key hormone in

outbreak of Klebsiella pneumoniae (KPC),
which is resistant to most known antibiotics,
at the National Institutes of Health’s Clinical
Center Killed 11 patients and infected many
others. Genetic sequencing of samples
from patients and from health care workers
allowed epidemiologists to track the outbreak
to a single patient and to trace its spread. Moving
closer to real-time tracking, researchers sequenced
and analyzed strains from a 2011 outbreak of
methicillin-resistant Staphylococcus aureus
(MRSA) in a hospital in Cambridge, England, while
the outbreak was still occurring. The tests helped doctors and
researchers identify a clear infection cluster in the neonatal
intensive care unit, differentiating the bacteria from strains
present in other clinics and hospital areas. Microbiologists
were then able to trace potential means of spread and reduce
the risk of further infections.

These instances “point to a future in which direct
sequencing of clinical samples allows same-day diagnosis,
antibiotic-resistance gene profiling and virulence gene
detection,” Walker and Beatson wrote. Such sequencing and
analysis are still too expensive and labor-intensive for most
health care institutions. Yet as technologies improve, putting
the tools within reach, clinical microbiologists might be soon
able to stop these superbug outbreaks before they start.
—Katherine Harmon

regulating sleep. In con-
trast, red-spectrum light
lets the melatonin flow.

The new lamps, from
Boeing, comprise a rain-
bow of more than 100
LED bulbs cloaked by a
diffuser, so they appear to
be a single panel of white
light, says Debbie Sharp, a
Boeing senior manager.
The fixtures have three modes,
each with a subtly different
hue: white light is for general
vision; a cooler, blue-shifted
light promotes alertness; and a
warmer, red-shifted light trig-
gers sleepiness. Boeing and its
subcontractors expect to deliv-
er 20 lamps in 2015.

In the meantime, scientists
at institutions such as Harvard
Medical School and Thomas

Jefferson University are testing
the lamps’ efficacy.
The technology could one
day be widespread back on
Earth, perhaps illuminating
hospital rooms, nuclear sub-
marines, factories or class-
rooms. “Just because the world
has been using fluorescent
lighting for years doesn’t mean
it’s the best,” says study collab-
orator Elizabeth Klerman of

Harvard. —Katie Worth

BIOMEDICAL IMAGING UNIT, SOUTHAMPTON GENERAL HOSPITAL Photo Researchers, Inc.
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NEUROSCIENCE

Brain Cells for
Grandmolth

Each concept—each person or thing in our
everyday experience—may have a set of
corresponding neurons assigned to it

By Rodrigo Quian Quiroga,
ltzhak Fried and Christof Koch

For decades neuroscientists have debated how
memories are stored. That debate continues today,
with competing theories—one of which suggests
that single neurons hold the recollection, say, of your
grandmother or of a famous movie star.

Photograph by Dan Saelinger

The alternative theory asserts that each memory is
distributed across many millions of neurons. A number
of recent experiments during brain surgeries provide
evidence that relatively small sets of neurons in specif-
ic regions are involved with the encoding of memories.

At the same time, these small groupings of cells may
represent many instances of one thing; a visual im-
age of Grandma’s face or her entire body—even a
front and side view or the voice of a Hollywood star
such as Jennifer Aniston.
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NCE A BRILLIANT RUSSIAN NEUROSURGEON NAMED
Akakhi Akakhievitch had a patient who wanted
to forget his overbearing, impossible mother.
Eager to oblige, Akakhievitch opened up the
patient’s brain and, one by one, ablated several

thousand neurons, each of which related to the
concept of his mother. When the patient woke
up from anesthesia, he had lost all notion of his mother. All memo-
ries of her, good and bad, were gone. Jubilant with his success,
Akakhievitch turned his attention to the next endeavor—the search

for cells linked to the memory of “grandmother.”

The story, of course, is fiction. The late neuroscientist Jerry
Lettvin (who, unlike Akakhievitch, was real) told it to a crowd of
students at the Massachusetts Institute of Technology in 1969 to
illustrate the provocative idea that as few as about 18,000 neu-
rons could form the basis of any particular conscious experience,
thought or memory of a relative or any other person or object we
might come across. Lettvin never proved or disproved his auda-
cious hypothesis, and for more than 40 years scientists have de-
bated, mostly in jest, the idea of “grandmother cells.”

The idea of neurons that store memories in such a highly
specific manner goes all the way back to William James, who in
the late 19th century conceived of “pontificial cells” to which
our consciousness is attached. The existence of these cells,
though, runs counter to the dominant view that the perception
of any specific individual or object is accomplished by the col-
lective activity of many millions if not billions of nerve cells,
what Nobel laureate Charles Sherrington in 1940 called “a mil-
lionfold democracy.” In this case, the activity of any one individ-
ual nerve cell is meaningless. Only the collaboration of very
large populations of neurons creates meaning.

Neuroscientists continue to argue about whether it takes
relatively few neurons—on the order of thousands or less—to
serve as repositories for a particular concept or whether it takes
hundreds of millions distributed widely throughout the brain.
Attempts to resolve this dispute are leading to new understand-
ing of the workings of memory and conscious thought—with a
little help from Hollywood.

JENNIFER ANISTON NEURONS
SOME YEARS AGO—together with Gabriel Kreiman, now a faculty
member at Harvard Medical School, and Leila Reddy, now a re-
searcher at the Brain and Cognition Research Center in Toulouse,
France—we performed experiments that led to the discovery of a
neuron in the hippocampus of one patient, a brain region known
to be involved in memory processes, that responded very strongly
to different photographs of actress Jennifer Aniston but not to
dozens of other actors, celebrities, places and animals. In another
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patient, a neuron in the hippocampus lit
up at the sight of pictures of actress Halle
Berry and even to her name written on the
computer screen but responded to noth-
ing else. Another neuron fired selectively
to pictures of Oprah Winfrey and to her
name written on the screen and spoken by
a computer-synthesized voice. Yet another
fired to pictures of Luke Skywalker and to
his written and spoken name, and so on.

This kind of observation is made possible by the direct re-
cording of the activity of individual neurons. Other more com-
mon techniques, such as functional brain imaging, can pin-
point activity throughout the brain when a volunteer performs
a given task. Yet although functional imaging can track the
overall power consumption of typically a few million cells, it
cannot identify small groups of neurons, let alone individual
cells. To record the electrical pulses emitted by individual neu-
rons, microelectrodes thinner than a human hair need to be
implanted in the brain. This technique is used less commonly
than functional imaging, and only special medical circum-
stances warrant implantation of these electrodes in humans.

One of those rare circumstances occurs when treating pa-
tients with epilepsy. When seizures cannot be controlled with
medication, these patients may be candidates for remedial sur-
gery. The medical team examines clinical evidence that can
pinpoint the location of the area where seizures start, the epi-
leptic focus, which can potentially be surgically removed to
cure the patient. Initially this evaluation involves noninvasive
procedures, such as brain imaging, consideration of clinical ev-
idence and the study of pathological electrical activity—a mul-
titude of epileptic discharges that all occur in lockstep—with
EEG recordings made from the patient’s scalp. But when it is
not possible to accurately determine the location of the epilep-
tic focus with these methods, neurosurgeons may implant elec-
trodes deep inside the skull to continuously monitor in the
hospital brain activity over several days and then analyze the
seizures observed.

Scientists sometimes ask patients to volunteer for research
studies during the monitoring period, studies in which a vari-
ety of cognitive tasks are performed as brain activity is record-
ed. At the University of California, Los Angeles, we have em-
ployed a unique technique to record within the skull using
flexible electrodes with tiny microwires; the technology was de-
veloped by one of us (Fried), who heads the Epilepsy Surgery
Program at U.C.L.A. and collaborates with other scientists from
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around the world, including Koch’s group at the California Insti-
tute of Technology and Quian Quiroga’s laboratory at the Univer-
sity of Leicester in England. This technique furnishes an extraor-
dinary opportunity to record directly from single neurons for
days at a time in awake patients and provides the ability to study
the firing of neurons during various tasks—monitoring the in-
cessant chattering that occurs while patients look at images on a
laptop, recall memories or perform other tasks. That is how we
discovered the Jennifer Aniston neurons and unwittingly re-
vived the debate ignited by Lettvin’s parable.

GRANDMOTHER CELLS REVISITED

ARE NERVE CELLS such as the Jennifer Aniston neuron the long-
debated grandmother cells? To answer that question, we have to
be more precise about what we mean by grandmother cells. One
extreme way of thinking about the grandmother cell hypothesis
is that only one neuron responds to one concept. But if we could
find one single neuron that fired to Jennifer Aniston, it strongly
suggests that there must be more—the chance of finding the one
and only one among billions is minuscule. Moreover, if only a
single neuron would be responsible for a person’s entire concept
of Jennifer Aniston, and it were damaged or destroyed by dis-
ease or accident, all trace of Jennifer Aniston would disappear
from memory, an extremely un-
likely prospect.

A less extreme definition of
grandmother cells postulates
that many more than a solitary
neuron respond to any one con-
cept. This hypothesis is plausi-
ble but very difficult, if not im-
possible, to prove. We cannot
try every possible concept to
prove that the neuron fires only
to Jennifer Aniston. In fact, the
opposite is often the case: we
often find neurons that respond
to more than one concept. Thus,
if a neuron fires only to one person during an experiment, we
cannot rule out that it could have also fired to some other stim-
uli that we did not happen to show.

For example, the day after finding the Jennifer Aniston neu-
ron we repeated the experiment, now using many more pictures
related to her, and found that the neuron also fired to Lisa Kud-
row, a costar in the TV series Friends that catapulted both to
fame. The neuron that responded to Luke Skywalker also fired to
Yoda, another Jedi from Star Wars; another neuron fired to two
basketball players; another to one of the authors (Quian Quiro-
ga) of this article and other colleagues who interacted with the
patient at U.C.L.A., and so on. Even then, one can still argue that
these neurons are grandmother cells that are responding to
broader concepts, namely, the two blond women from Friends,
the Jedis from Star Wars, the basketball players, or the scientists
doing experiments with the patient. This expanded definition
turns the discussion of whether these neurons should be consid-
ered grandmother cells into a semantic issue.

Let us leave semantics aside for now and focus instead on a
few critical aspects of these so-called Jennifer Aniston neurons.
First, we found that the responses of each cell are quite selec-

A single neuron
that responded to
Luke Skywalker
and his written
and spoken name
also fired to the
image of Yoda.

tive—each fires to a small fraction of the pictures of celebrities,
politicians, relatives, landmarks, and so on, presented to the pa-
tient. Second, each cell responds to multiple representations of a
particular individual or place, regardless of specific visual fea-
tures of the picture used. Indeed, a cell fires in a similar manner
in response to different pictures of the same person and even to
his or her written or spoken name. It is as if the neuron in its fir-
ing patterns tells us: “I know it is Jennifer Aniston, and it does
not matter how you present her to me, whether in a red dress, in
profile, as a written name or even when you call her name out
loud” The neuron, then, seems to respond to the concept—to any
representation of the thing itself. Thus, these neurons may be
more appropriately called concept cells instead of grandmother
cells. Concept cells may sometimes fire to more than one con-
cept, but if they do, these concepts tend to be closely related.

A CODE FOR CONCEPTS

TO UNDERSTAND the way a small number of cells become at-
tached to a particular concept such as Jennifer Aniston, it helps
to know something about the brain’s complex processes for
capturing and storing images of the myriad of objects and peo-
ple encountered in the world around us. The information taken
in by the eyes first goes—via the optic nerve leaving the eye-
ball—to the primary visual cortex at the back of the head. Neu-
rons there fire in response to a tiny portion of the minute de-
tails that compose an image, as if each were lighting up like a
pixel in a digital image or as if they were the colored dots in a
pointillist painting by Georges Seurat.

One neuron does not suffice to tell whether the detail is part
of a face, a cup of tea or the Eiffel Tower. Each cell forms part of
an ensemble, a combination that generates a composite image
presented, say, as A Sunday Afternoon on the Island of La
Grande Jatte. If the picture changes slightly, some of the details
will vary, and the firing of the corresponding set of neurons will
change as well.

The brain needs to process sensory information so that it
captures more than a photograph—it must recognize an object
and integrate it with what is already known. From the primary
visual cortex, the neuronal activation triggered by an image
moves through a series of cortical regions toward more frontal
areas. Individual neurons in these higher visual areas respond
to entire faces or whole objects and not to local details. Just one
of these high-level neurons can tell us that the image is a face
and not the Eiffel Tower. If we slightly vary the picture, move it
about or change the lighting illuminating it, it will change some
features, but these neurons do not care much about small dif-
ferences in detail, and their firing will remain more or less the
same—a property known as visual invariance.

Neurons in high-level visual areas send their information to
the medial temporal lobe—the hippocampus and surrounding
cortex—which is involved in memory functions and is where we
found the Jennifer Aniston neurons. The responses of neurons in
the hippocampus are much more specific than in the higher visual
cortex. Each of these neurons responds to a particular person or,
more precisely, to the concept of that person: not only to the face
and other facets of appearance but also to closely associated attri-
butes such as the person’s name.

In our research, we have tried to explore how many individu-
al neurons fire to represent a given concept. We had to ask
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whether it is just one, dozens, thousands or perhaps millions. In
other words, how “sparse” is the representation of concepts?
Clearly, we cannot measure this number directly, because we
cannot record the activity of all neurons in a given area. Using
statistical methods, Stephen Waydo, at the time a doctoral stu-
dent with one of us (Koch) at Caltech, estimated that a particular
concept triggers the firing of no more than a million or so neu-
rons, out of about a billion in the medial temporal lobe. But be-

CONCEPT CELLS

cause we use pictures of things that are very familiar to the pa-
tientsinourresearch—which tend to trigger more responses—this
number should be taken strictly as an upper bound; the number
of cells representing a concept may be 10 or 100 times as small,
perhaps close to Lettvin’s guess of 18,000 neurons per concept.
Contrary to this argument, one reason to think that the brain
does not code concepts sparsely, but rather distributes them
across very large neuronal populations, is that we may not have
enough neurons to represent all possible
concepts and their variations. Do we, for

To Code a Memory

Neuroscientists ardently debate two alternative theories of how memories are encoded
in the brain. One theory contends that the representation of a single memory—the
image of Luke Skywalker, for instance—is stored as bits and pieces distributed across
millions or perhaps billions of neurons. The alternative view, which has gained more
scientific credibility in recent years, holds that a relatively few neurons, numbering in the
thousands or perhaps even less, constitute a “sparse” representation of an image. Each of
those neurons will switch on to the image of Luke, whether from a distance or close-up.
Some but not all of the same group of neurons will also fire to the related image of Yoda.
Similarly, a separate set of specific neurons activates when perceiving Jennifer Aniston.

Distributed

Image of
Luke Skywalker

Sparse

instance, have a big enough store of brain
cells to picture Grandma smiling, weav-
ing, drinking tea or waiting at the bus
stop, as well as the Queen of England
greeting the crowds, Luke Skywalker as a
child on Tatooine or fighting Darth Vader,
and so on?

To answer this question, we should
first consider that, in fact, a typical person
remembers no more than 10,000 con-
cepts. And this is not a lot in comparison
to the billion nerve cells that make up the
medial temporal lobe. Furthermore, we
have good reason to think that concepts
may be coded and stored very efficiently in
a sparse way. Neurons in the medial tem-
poral lobe just do not care about different
instances of the same concept—they do
not care if Luke is sitting or standing; they
only care if a stimulus has something to do
with Luke. They fire to the concept itself
no matter how it is presented. Making the
concept more abstract—firing to all in-
stances of Luke—reduces the information

Different image of

Luke Skywalker
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that a neuron needs to encode and allows
it to become highly selective, responding
to Luke but not to Jennifer.

Simulation studies by Waydo under-
score this view even further. Drawing on
a detailed model of visual processing,
Waydo built a software-based neural net-
work that learned to recognize many un-
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labeled pictures of airplanes, cars, motor-
bikes and human faces. The software did
so without supervision from a teacher. It
was not told “this is a plane and that a
car” It had to figure this out by itself, us-
ing the assumption that the immense va-
riety of possible images is in reality based
on a small number of people or things
and that each is represented by a small

Image of
Jennifer Aniston
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subset of neurons, just as we found in the
medial temporal lobe. By incorporating
this sparse representation in the software
simulation, the network learned to dis-
tinguish the same persons or objects even
when shown in myriad different ways, a
finding similar to our observations from
human brain recordings.

Tllustration by Stephen Savage



WHY CONCEPT CELLS?

OUR RESEARCH is closely related to the question of how the brain
interprets the outside world and translates perceptions into
memories. Consider the famous 1953 case of patient H.M., who
suffered from intractable epilepsy. As a desperate approach to
try to stop his seizures, a neurosurgeon removed his hippocam-
pus and adjoining regions in both sides of the brain. After the
surgery, H.M. could still recognize people and objects and re-
member events that he had known before the surgery, but the
unexpected result was that he could no longer make new long-
lasting memories. Without the hippocampus, everything that
happened to him quickly fell into oblivion. The 2000 movie
Memento revolves around a character who has a similar neuro-
logical condition.

H.M’s case demonstrates that the hippocampus, and the me-
dial temporal lobe in general, is not necessary for perception but
is critical for transferring short-term memories (things we re-
member for a short while) into long-term memories (things re-
membered for hours, days or years). In line with this evidence, we
argue that concept cells, which reside in these areas, are critical
for translating what is in our awareness—whatever is triggered
by sensory inputs or internal recall—into long-term memories
that will later be stored in other areas in the cerebral cortex. We
believe that the Jennifer Aniston neuron we found was not neces-
sary for the patient to recognize the actress or to remember who
she was, but it was critical to bring Aniston into awareness for
forging new links and memories related to her, such as later re-
membering seeing her picture.

Our brains may use a small number of concept cells to repre-
sent many instances of one thing as a unique concept—a sparse
and invariant representation. The workings of concept cells go a
long way toward explaining the way we remember: we recall Jen-
nifer and Luke in all guises instead of remembering every pore on
their faces. We neither need (nor want) to remember every detail
of whatever happens to us.

What is important is to grasp the gist of particular situations
involving persons and concepts that are relevant to us, rather
than remembering an overwhelming myriad of meaningless de-
tails. If we run into somebody we know in a café, it is more impor-
tant to remember a few salient events at this encounter than
what exactly the person was wearing, every single word he used
or what the other strangers relaxing in the café looked like. Con-
cept cells tend to fire to personally relevant things because we
typically remember events involving people and things that are
familiar to us and we do not invest in making memories of things
that have no particular relevance.

Memories are much more than single isolated concepts. A
memory of Jennifer Aniston involves a series of events in which
she—or her character in Friends for that matter—takes part.
The full recollection of a single memory episode requires links
between different but associated concepts: Jennifer Aniston
linked to the concept of your sitting on a sofa while spooning
ice cream and watching Friends.

If two concepts are related, some of the neurons encoding
one concept may also fire to the other one. This hypothesis
gives a physiological explanation for how neurons in the brain
encode associations. The tendency for cells to fire to related
concepts may indeed be the basis for the creation of episodic
memories (such as the particular sequence of events during the

café encounter) or the flow of consciousness, moving spontane-
ously from one concept to the other. We see Jennifer Aniston,
and this perception evokes the memory of the TV, the sofa and
ice cream—related concepts that underlie the memory of
watching an episode of Friends. A similar process may also cre-
ate the links between aspects of the same concept stored in dif-
ferent cortical areas, bringing together the smell, shape, color
and texture of a rose—or Jennifer’s appearance and voice.

Given the obvious advantages of storing high-level memories
as abstract concepts, we can also ask why the representation of
these concepts has to be sparsely distributed in the medial tem-
poral lobe. One answer is provided by modeling studies, which
have consistently shown that sparse representations are neces-
sary for creating rapid associations.

The technical details are complex, but the general idea is quite
simple. Imagine a distributed—as opposite of sparse—represen-
tation for the person we met in the café, with neurons coding for
each minute feature of that person. Imagine another distributed
representation for the café itself. Making a connection between
the person and the café would require creating links among the
different details representing each concept but without mixing
them up with others, because the café looks like a comfortable
bookstore and our friend looks like somebody else we know.

Creating such links with distributed networks is very slow
and leads to the mixing of memories. Establishing such connec-
tions with sparse networks is, in contrast, fast and easy. It just re-
quires creating a few links between the groups of cells represent-
ing each concept, by getting a few neurons to start firing to both
concepts. Another advantage of a sparse representation is that
something new can be added without profoundly affecting every-
thing else in the network. This separation is much more difficult
to achieve with distributed networks, where adding a new con-
cept shifts boundaries for the entire network.

Concept cells link perception to memory; they give an ab-
stract and sparse representation of semantic knowledge—the
people, places, objects, all the meaningful concepts that make
up our individual worlds. They constitute the building blocks
for the memories of facts and events of our lives. Their elegant
coding scheme allows our minds to leave aside countless unim-
portant details and extract meaning that can be used to make
new associations and memories. They encode what is critical to
retain from our experiences.

Concept cells are not quite like the grandmother cells that
Lettvin envisioned, but they may be an important physical ba-
sis of human cognitive abilities, the hardware components of
thought and memory.

MORE TO EXPLORE

Sparse but Not “Grandmother-Cell” Coding in the Medial Temporal Lobe. R. Quian
Quiroga, G. Kreiman, C. Koch and 1. Fried in Trends in Cognitive Sciences, Vol. 12, No. 3, pages
87-91; March 2008.

Percepts to Recollections: Insights from Single Neuron Recordings in the Human
Brain. Nanthia Suthana and Itzhak Fried in Trends in Cognitive Sciences, Vol. 16, No. 8, pages
427-436; July 16,2012.

Concept Cells: The Building Blocks of Declarative Memory Functions. Rodrigo Quian
Quiroga in Nature Reviews Neuroscience, Vol. 13, pages 587-597; August 2012.
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Microscopic
analyses of chondrites,
the oldest rocks in the
solar system, arefillingin ~ »
details of what our
neighborhood in space g
was like shortly before
the planets formed
By Alan E. Rubin
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The “jewels” in this
polarized light micrograph
of a slice from a chondrite are
chondrules, tiny beads of silicate
minerals. Despite this chondrite’s
beauty, it belongs to the class
known as ordinary.

| PITY
ASTRONOMERS.

They can see the objects of their affection—stars, galaxies, qua-
sars—only remotely: as images on computer screens or as light
waves projected from unsympathetic spectrographs. Yet many of
us who study planets and asteroids can caress pieces of our
beloved celestial bodies and induce them to reveal their inner-
most secrets. When I was an undergraduate astronomy major, I
spent many a cold night looking through telescopes at star clus-
ters and nebulae, and I can testify that holding a fragment of an
asteroid is more emotionally rewarding; it offers a tangible con-
nection with what might otherwise seem distant and abstract.
The asteroidal fragments that fascinate me most are the
chondrites. These meteorites, which constitute more than 80
percent of those observed to fall from space, derive their name
from the chondrules virtually all of them contain—tiny beads of
melted material, often smaller than a rice grain, that formed be-
fore asteroids took shape early in the solar system’s history.
When we examine thin slices from chondrites under a micro-
scope, they become beautiful to behold, not unlike some of the
paintings by Wassily Kandinsky and other abstract artists.
Chondrites are the oldest rocks that scientists have ever
touched. Radioisotope dating shows that they hark back more
than 4.5 billion years to the time before the planets formed,
when the solar system was still the turbulent, rotating disk of
gas and dust astronomers dub the solar nebula. Their age and
composition reveal that they consist of the primordial materials
from which the planets, moons, asteroids and comets ultimately
assembled. Most researchers believe that chondrules formed
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when silicate-rich clumps of dust melted to form individual lig-
uid droplets during highly energetic events. The droplets quick-
ly solidified and accreted—along with dust, metals and other
materials—to form chondrites, which later grew to become as-
teroids. High-speed collisions among asteroids caused them to
fragment and chip; eventually some of the debris fell to Earth as
meteorites. The tangibility that appeals to me is thus not just a
matter of aesthetics—these meteorites are fossils from the birth
of the solar system, our firmest links to the conditions under
which our own planet Earth took shape.

Yet as anthropologists know, finding fossils is just the first step
to reconstructing history. The finds need to be put into a context.
Inferring the birthplace of the different chondrites and their envi-
ronmental cradles, however, has been difficult because we have
had surprisingly scant data about the detailed structures of these
varied rocks. A few years ago I made a systematic examination of
the full range of the physical properties of chondrites, filling in
many of the critical gaps that existed. With these data, I con-
structed a rough map of the structure of the ancient nebula from
which the chondrites emerged.

Remarkably, the dust distribution in the map, crude as it is, re-
sembles that of some T Tauri stellar systems. T Tauri objects vary
erratically in luminosity and are enshrouded in extensive atmo-
spheres, so they are thought to be young—or “pre-main se-
quence’—stars. Many of them are surrounded by dusty disks. The
concordance of the solar-nebula dust map with the structure of
certain T Tauri systems supports the idea that the latter are the
progenitors of solar systems like our own. Chondrites thus probe
not only our own deep past but offer insight into other young stel-
lar systems in the Milky Way. Likewise, as scientists learn about
the physics of these systems, they will better understand the pro-
cesses that led to the formation of our own asteroids and planets.

CHONDRITE CHARACTERISTICS
TO EXPLORE the primordial solar system by analyzing chondrites,
planetary scientists must first have an accurate accounting of the
rocks’ properties. Researchers have sorted chondrites into about
a dozen basic groups distinguished by such features as their bulk
chemical composition; their mix of isotopes (elements with the
same number of protons but different numbers of neutrons); the
number, size and types of their chondrules; and the amount of
compacted dusty matrix in which the chondrules and other mate-
rials are embedded. Because each chondrite group has a distinct
and narrow range of physical, chemical and isotopic characteris-
tics, different groups that have fallen to Earth must have hailed
from separate asteroids. Investigators have concocted many imag-
inative models to explain how the different chondrite groups ini-
tially formed, which involve such processes as gas turbulence,
magnetic fields and differences in the velocities at which particles
settled to the nebular midplane. The bottom line, however, has

Alan E. Rubin is a geochemist at the University of California, Los
Angeles, who studies a wide variety of meteorites. In addition to
scientific papers, he has written about 30 popular articles on space
science and the book Disturbing the Solar System (Princeton University
Press, 2002). He notes that asteroid 6227 Alanrubin is mildly eccentric
like its namesake, although the latter is more likely to crash into Earth.

often been a vague conclusion that the various kinds of chon-
drites formed under “different conditions.”

Hoping to gain a better handle on what those conditions were,
in 2009 I began digging through the literature with the intention
of constructing a table that listed the essential properties of the
major chondrite groups. Once I had the table in hand, I intended
to search for correlations among the properties that might shed
light on the history of each group. But the table I constructed was
more than half empty; few researchers, it seemed, had been inter-
ested in gathering these kinds of data.

The only option was to do it myself. To that end, I parked my-
self at a microscope and examined 91 thin sections of 53 different
meteorites from different chondrite groups. At a thickness of 30
microns, many minerals become transparent and their optical
properties can be studied. The sections reveal a wide variety of
chondrules that vary in size, shape, texture and color. Analyzing
thousands of chondrules can certainly be tedious, but by persist-
ing in this exercise in “microscopic astronomy,” I managed to fill
out the table in just a couple of months. My findings did not fully
resolve the “different conditions” conundrum, but the results did
extend and refine ideas about where the different chondrite
groups originated in the solar nebula and what their local envi-
ronments were like.

Consider, first, a rare class known as enstatite chondrites that
comprises only about 2 percent of all the chondrites observed to
fall to Earth. These rocks are named for what typically is their most
abundant mineral—enstatite (MgSiOz)—and they come in two
forms, labeled EH and EL for the Aigh or Jow amounts of total iron
they contain. Scientists have discovered that the abundances of
specific isotopes of nitrogen, oxygen, titanium, chromium and
nickel in these chondrites resemble those of Earth and Mars, and
they have thus surmised that the enstatite chondrites probably
formed within the orbit of Mars, appreciably closer to the sun than
the inferred locations of other chondrite groups.

A second set, the so-called ordinary chondrites, comprises
three separate but closely related groups—labeled H, L. and
LL—that vary in the amounts and forms of iron they contain.
“Ordinary” refers to their prevalence; together they constitute
74 percent of observed meteorite falls. The great abundance of
all three groups indicates that they came from a region of the

Chondritic meteorites are made of the
stuff that formed the planets, moons,
asteroids and comets. Each chondrite
group has its own distinctive textural
and compositional characteristics.
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From these properties, the author and
other scientists have inferred roughly
the locations where the chondrite
groups formed and the relative amount
of dust present in those regions.

The dust distribution resembles that
seen in protoplanetary disks of dust and
gas swirling around several stars known
as T Tauri stars—in particular, young,
one- to two-million-year-old versions

about as massive as our sun. This
resemblance suggests that T Tauri sys-
tems are good analogues of the sun and
its own disk during the early stages of
solar system history.
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solar system that is gravitationally favor-
able for delivering meteorites to Earth.

John Wasson of the University of Cali-
fornia, Los Angeles, has proposed that the
ordinary chondrites hail from a region just
sunward of the center of the asteroid belt,
situated between the orbits of Mars and
Jupiter. Asteroids lying at a distance of 2.5
times Earth’s own distance from the sun
(2.5 astronomical units) would complete
three orbits around the sun in 12 years;
Jupiter, lying at a distance of 5.2 astronom-
ical units, completes just one orbit in this
same time interval. Such a resonance
means that Jupiter’s enormous gravity tugs
regularly on these asteroids and eventually
steers many of them toward the inner solar
system. In Sweden, scientists have found
dozens of ordinary chondrites in 470-mil-
lion-year-old rocks—a sign that ordinary
chondrites have indeed been pelting Earth
for more than 10 percent of our planet’s
4.5-billion-year history.

A third group—the rare Rumuruti, or
R, chondrites (named for the site in Kenya
where the only observed fall occurred)—
resembles ordinary chondrites in many of
its chemical properties. They have much
more matrix material, however, and sig-
nificantly higher abundances of the oxy-
gen isotope 17O relative to the lighter iso-
tope 0. High temperatures in the nebula
tend to equalize isotopic abundances, and
the farther an object gets from the sun,
the more likely it is that variations in oxy-
gen isotopes will be preserved. This im-
balance in isotopes suggests that the R
chondrites formed farther from the sun
than ordinary chondrites.

High temperatures also break down or-
ganic compounds, which tend to be found
more abundantly in the diverse class of
meteorites known as carbonaceous chon-
drites than in other chondrite groups.
Thus, carbonaceous chondrites almost cer-
tainly orbited at even greater distances
from the sun than R chondrites did. The
carbonaceous chondrites themselves com-
prise six major groups that can each be as-
signed more specific nebular positions on
the basis of their chemical, isotopic and
structural properties.

DUST TO DUST

APART FROM their chemical composition, the internal structures
of chondrites also reveal much about the amount of dust in the
immediate environs where they formed. Dust has been crucial
in all stages of the solar system’s evolution. As the original cloud
of material that produced the sun and planets collapsed, dust

HINTS OF DUST: In certain chondrites,
such as the carbonaceous type in the top
image, chondrules tend to be large and
complex (micrograph), containing a
silicate core (central sphere and thin ring
around it) surrounded by a secondary
shell (thick band) and an outer layer
called an igneous rim (éirregular zone).
Shells and rims arise after dust encases
an existing chondrule and then melts.
The presence of shells and rims indicates,
then, that a chondrule evolved in a rather
dusty part of the solar nebula; absence
signifies less dusty environs.

grains became more effective at trapping
infrared radiation; the resulting increase
in temperature at the center of the cloud
eventually led to the formation of a pro-
tostar. Later, dust (and, at greater dis-
tances from the center, ice) settled toward
the nebular midplane and coagulated
into larger clumps, eventually forming
porous bodies, known as planetesimals,
ranging in size from a few meters to tens
of kilometers. Some of these planetesi-
mals melted. The planets ultimately
formed from a diverse suite of such melt-
ed and unmelted planetesimals; comets
and asteroids most likely accreted from
unmelted planetesimals having more un-
iform compositions.

One clue to the abundance of dust at
the location where a particular chondrite
group formed is the presence of dust-lad-
en shells surrounding a silicate core in
chondrules. Chondrules in certain carbo-
naceous chondrites, for example, com-
monly include a core, or “primary” chon-
drule, encased in a secondary spherical
shell of melted, or igneous, material simi-
lar in composition to the primary chon-
drule. Frequently the secondary shell is it-
self surrounded by a tertiary shell termed
an igneous rim, which is composed of fin-
er mineral grains than are present in the
central core [see micrograph at left).

Many meteorite researchers have sug-
gested that the secondary shells were cre-
ated when some original chondrule, hav-
ing solidified after the initial melting
event, acquired a porous dusty shell and
then experienced a second, intermediate-
energy event that melted the shell but not
the interior chondrule. Subsequently,
events of lower energy or shorter duration,
or both, produced the igneous rim. Simply
put, chondrite groups that contain numer-
ous chondrules displaying the “nested
shell” structure appear to have formed in
dusty environments.

Multiple remelting episodes inter-
spersed with periods during which the
chondrules became enmeshed in dust
would naturally produce larger chon-
drules with a thick secondary shell and
thick igneous rim. Thus, the presence of

such features is indicative of a substantial amount of dust in the
environment where the chondrules formed. Chondrules encased

in dust would also cool off more slowly than others because heat
could not radiate away quickly. The relatively slow cooling would
have, in turn, facilitated the evaporation of volatile elements,
such as sodium and sulfur. Although most of the volatiles would
have condensed on nearby dust (ultimately to be incorporated
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RESULTS

Our Solar System before Planets

After examining many chemical and structural features in four
classes of chondrites (colors), which are divided into 12 major
groups (named by initials at bottom), the author refined models of
roughly where the 12 originated and inferred the relative amounts

.
Future Venus
—

Future orbit *

of Mercury

Enstatite Chondrites (EH,.EL)

Rich in the silicate mineral enstatite

Ratios of several isotopes are similar

to those of Earth and Mars

Chondrules tend to be small, and

few have shells or rims

into the chondrites), some fraction of them would have been lost.
The sodium and sulfur contents of the chondrite groups contain-
ing these large, dust-laden chondrules should therefore be lower
than those of chondrite groups whose chondrules formed in
dust-poor environments. I found that this is indeed the case.

By combining this and other information with the presumed
locations of the parent asteroids, I developed a crude map of
dust abundances across the early solar system [see box on these
two pages]. The enstatite groups, which presumably formed sun-
ward of Mars’s orbit, sat in what must have been a dust-poor re-
gion; they have, for instance, few chondrules with shells or rims,
and those chondrules that do sport rims have thin ones. The or-
dinary and R chondrites, which are next farthest from the sun,
show more signs of dustiness—for example, the proportion of
chondrules with igneous rims is higher and the rims are thicker
than in the enstatite groups.

The dust concentration appears to have peaked in the region
occupied by the carbonaceous chondrite groups with the largest
chondrules and the greatest numbers of chondrules encased in
secondary shells and igneous rims (those known as the CR, CV
and CK groups). It then tapered off toward the locations of two
carbonaceous chondrite groups (CM and CO) even farther from
the sun. (Chondrules in these groups are much smaller, and far
fewer of them show secondary shells and igneous rims.) The to-
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of dust in the vicinity at the time (map; dots indicate likely range of
possible locations). He found that the most dust (densest shading)
surrounded the CR, CV and CK carbonaceous chondrites, which
probably orbited beyond three astronomical units. The dust

Future Earth

Future Mars \

Distant star nursery

Ordinary Chondrites (H, L, LL)
Most common form of meteorites found on Earth

Their ubiquity implies that the rocks sat where
interactions with Jupiter would have lobbed them to Earth readily

Compared with the enstatite groups, more of the
chondrules in these bodies have rims, and the rims tend to be thicker

tal amount of dust diminished still farther in the vicinity of the
most distant carbonaceous chondrite group (CI), which contains
no chondrules at all. (These are true chondrites nonetheless be-
cause the main criterion for class admission is having a chemical
composition similar to that of the sun’s nonvolatile elements.)

The dust distribution in this nebular map led me to conclude
that our early solar system was probably similar to many of the T
Tauri stars observed today—young stars like the early sun that
have not yet settled down to the main business of stable hydrogen
burning. The dust pattern resembles published astronomical ob-
servations of several protoplanetary disks around T Tauri stars.
Because the masses of these particular disks (about 2 percent of
the sun’s mass) are similar to that inferred for the solar nebula, it
seems that the disks provide good models for the nebula during
the period of chondrule formation and chondrite assembly.

HEATED DISAGREEMENT
JUST WHAT PROCESSES created chondrules are not yet understood.
The first thing that any model of chondrule formation must
explain is the evidence for repeated melting. The process must
also have been widespread or else it would not have led to chon-
drules occurring in almost every chondrite group. Unfortunate-
ly, no convincing heating mechanism has been found that
accounts for all chondrule properties. The multiple melting of so

Tllustration by Ron Miller



concentration dropped off farther out, where the CM, CO and, T Tauri star systems of today, suggesting that information gleaned
finally, the Cl chondrites roamed; it also declined in the other about the physics of those systems can reveal something about .
direction, ending up very sparse in the region of the enstatite our own early solar system, and vice versa. The text at the bottom
chondrites. The distribution resembles that of certain young, explains part of ic used to construct this map.
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Densest dust zone (shown here at approximately 3.6 AU)
may have occurred anywhere between about 2.7 and 4.5 AU

Differ slightly in composition from ordinary chondrites Rich in organic compounds

Ratios of certain isotopes imply a position farther from CLUETO POSITION: Presence of organics means these meteorites formed
the sun than that of ordinary chondrites far from the sun, which would otherwise have degraded the organic matter

The proportion of matrix material (fine-grained silicate CLUETO DUSTINESS: CR, CV and CK chondrites have the largest chondrules
material between chondrules), derived from nebular dust, is much higher and the thickest igneous rims; CM and CO groups tend to have smaller
than in ordinary chondrites chondrules and thinner rims; Cl meteorites lack chondrules

many chondrules rules out any of the proposed one-shot phe- lar regions. The principal mechanism for the formation of chon-
nomena, such as supernova shock waves or gamma-ray bursts  drules thus remains a mystery.
from deep space. The heat source must have been capable, on Fifty years ago in these pages, meteorite researcher John A.
the one hand, of melting some entire chondrules (including ones ~ Wood observed, “Only recently have we begun to study chon-
several millimeters in size) but, on the other hand, of melting drules as entities. They contain a wealth of information ... about
just the thin dust mantles around other chondrules while leav-  the processes that have acted on them. We may be able to learn
ing their interiors intact. Some researchers have suggested a  about the nature and evolution of the solar nebula, the formation
repeating, pulsed heat source, such as lightning bolts, but no  of the planets, some stages of the evolution of the sun and the
consensus has been reached on the feasibility of generating time scales for all these processes.” Half a century later scientists
lightning in the solar nebula. still have much to learn, but the picture provided by these primor-
The chondrule-formation model currently popular with as-  dial messengers of the solar system is at last coming into focus.
trophysicists involves shock-wave heating in the nebula. Shock

waves could have been produced, for instance, by material falling MORE TO EXPLORE

into the nebula from outside. Propagation of the shock waves Chemical, Mineralogical and Isotopic Properties of Chondrules: Clues to Their Origin.

through dusty nebular regions could have produced enough heat R. H.Jones, J. N. Grossman and A. E. Rubin in Chondrites and the Protoplanetary Disk. Edit-
rous }111 v 1 " rlr.gl ul lV. pr uh K U8 h ed by A. N. Krot, E.R.D. Scott and B. Reipurth. Astronomical Society of the Pacific Confer-

to c.ause chondrule melting. Mode s relying on shock waves have ence Series, Vol. 341, pages 251-285; 2005.

their own flaws, however. First, shock waves have yet to be ob- Physical Properties of Chondrules in Different Chondrite Groups: Implications for

served in protoplanetary disks; their existence is unproved. Sec- Multiple Melting Events in Dusty Environments. Alan E. Rubin in Geochimica et Cosmo-

ond, shocks would heat huge numbers of chondrules at once but chimica Acta, Vol. 74, No. 16, pages 4807-4828; August 15, 2010.

Meteorite or Meteorwrong? Department of Earth and Planetary Sciences, Washington

i ble of melti ly th t f; f individual
seeth Incapable of mefling on'y the outer surlace ot Incivicua University in St. Louis: http:/meteorites.wustl.edu/id/ordinary_chondrites.htm

chondrules (to form secondary shells and igneous rims) while
leaving the chondrule interiors relatively cold. A third apparent e
) ) 3 y. ' bp View a slide show of chondrites and chondrules at ScientificAmerican.com/
flaw is that shock waves, which are localized phenomena, seem feb2013/chondrites
unlikely to have produced chondrules in widely separated nebu-
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HUMAN EVOLUTION

SHATTERED

New fossil discoveries complicate the already devilish task of identifying
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ROM A DISTANCE, YOU PROBABLY WOULD
have assumed her to be human. Al-
though she stood only about a me-
ter tall, with long arms and a small
head, she walked, if perhaps slight-
ly inelegantly, upright on two legs,
as we, alone among living mam-
mals, do. This familiar yet strange
individual is Lucy, a member of the
species Australopithecus afarensis,
who lived some 3.2 million years
ago. She is one of the oldest crea-
tures presumed to have strode on the evolutionary path leading
to our species, Homo sapiens.

When Lucy was uncovered in 1974, evidence of bipedal loco-
motion virtually guaranteed her kind a spot in the human fam-
ily tree. And although scientists had an inkling that other
branches of humans coexisted more recently alongside our
own, early human evolution appeared to be a simple affair,
with Lucy and the other ancient bipeds that eventually came

in more than one fashion—including in
creatures that were not our direct ances-
tors. Because of these finds, researchers
are now reconsidering what traits mark
a species as a direct human ancestor,
what the pace has been for human evolu-
tion and whether it will ever be possible
to confidently identify our last common
ancestor with chimps.

“The more fossils we get, the more
we're realizing that the evolutionary tree is
actually quite bushy,” says Carol V. Ward of
the University of Missouri School of Medi-
cine. The remains are also revealing that
the human line is not the only one to have
undergone astounding adaptations in the
past several million years. The chimpan-
zee lineage, too, has surely changed con-
siderably over that same period, becoming
highly specialized for life in the trees—a

to light belonging to the same lone lineage. Thus, the discover-
ies seemed to uphold the notion of human evolution as a uni-
linear “march of progress” from a knuckle-walking chimplike
ape to our striding, upright form—a schema that has dominat-
ed paleoanthropology for the past century. Yet as researchers
dig back further in time, our origins are turning out to be a lot
more complicated than that iconic image would suggest.

Two recent discoveries are shattering what scientists
thought they knew about the rise of humans: one a stunningly
complete skeleton from 4.4 million years ago and the other a
very fragmentary foot from 3.4 million years ago. The freshly
described fossils indicate that we probably came from a convo-
luted tree of humans—and that the ostensibly human hallmark
of upright walking may have developed more than once—and

revelation that may finally lay to rest the

abiding notion that living chimpanzees
are a good model for our ancient ancestors. This shift “gives us a
whole different perspective on our origins,” Ward says.

SMALL HOMININ, BIG SHIFT
NOTHING THREW as large a wrench into the hunched-ape-to-Ho-
mo scenario as the petite creature known as Ardi. The descrip-
tion of this remarkably complete 4.4-million-year-old skeleton
of Ardipithecus ramidus in a ream of papers in 2009 sent pa-
leoanthropology into a tailspin. Uncovered at a site called Ara-
mis in Ethiopia’s Afar region, Ardi looks little like researchers
would have expected of a hominin from that time period (hom-
inins are primates more closely related to us than are chimps—
our closest living relatives). Many paleoanthropologists antici-
pated that a hominin dating to that era would have many traits

Paleoanthropologists have long thought that humans
descended from a chimpanzeelike ancestor and that
early human fossils belonged to a single evolving
lineage. According to this view, only later did our pre-
decessors diversify into multiple overlapping branches
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of humans, of which our species is the sole survivor.
Recent fossil discoveries have upended that sce-
nario, however, providing intriguing evidence that
the last common ancestor of humans and chimpan-
zees may not have looked particularly chimplike and

that our early forebearers were not alone in Africa.
The findings are forcing researchers to reconsider
what traits indicate that a species belongs on the line
leading to us—and to question whether it will ever
be possible to identify our last common ancestor.
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seen in chimps and other modern African apes, including large
canine teeth for aggression-based social systems, very long
arms and fingers for climbing in trees, and wrist adaptations
for knuckle walking, among other features.

Instead the slight A. ramidus is what Tim D. White of the
University of California, Berkeley, who led the team that discov-
ered Ardi, has described as a “mosaic organism” that possesses
characteristics of later hominins and ancient apes—but not so
much of chimpanzees. Like humans, Ardi has reduced canine
teeth, which researchers think might signify a transition away
from a male-dominated social system toward a more coopera-
tive system revolving around pairs who form long-term bonds.
Also unlike modern African apes, Ardi’s high degree of wrist ex-
tension suggests that when she walked on all fours, she support-
ed her weight on her palms rather than her knuckles. Meanwhile
Ardi’s fingers were relatively long and curved—helpful for climb-
ing trees—but her wrists and hands might have prevented her

from swinging between branches as capably as chimpanzees do.

Ardi’s lower limbs exhibit a similar combination of human-
like and ancient apelike characteristics. Whereas her relatively
flat feet and divergent big toe (or hallux) would have aided arbo-
real locomotion, the stiffness of her foot and her minor toes’ abil-
ity to flex backward would have facilitated bipedal walking. Her

Partial fossil foot from the site of Burtele

in Ethiopia (eff) had a divergent big toe and other traits that
distinguish it from the feet of modern humans (righ?) and their
ancestors, revealing that a second lineage of bipeds might have
coexisted with our probable ancestor Australopithecus afarensis.

pelvis was badly crushed, leaving some details about her leg mo-
tion unknown. But William Jungers of Stony Brook University

that from what he can tell, the short distance between Ardi’s
hip bone and sacrum (the triangular bone at the base of the
spine) is similar to that found in modern humans and other
hominins known to have walked upright. Additionally, the fora-
men magnum, the opening at the base of the skull through
which the spinal cord exits, is located quite far forward in Ardi—
a trait that many scientists read as an indication of a vertical
stance (and possible bipedalism) when she was on the ground.
Some researchers, however, wonder whether she was instead
only likely to stand upright intermittently, for example, if she
needed to hold something in her hands.

With her startling mélange of anatomical features, Ardi has
challenged scientists to reconsider how they define a hominin.
The term has traditionally implied obligate upright walking.
Yet Ardi shows that potential bipedalism does not exclude de-
cent climbing capabilities. Even modern humans have some lo-
comotor flexibility. “I think people forget [what] good climbers
modern people are,” Jungers says. We might not be as well suit-
ed to swinging from branch to branch as chimps and other
apes are, but in many indigenous human cultures, tree climb-
ing is still an important method of gathering food. Moreover,

February 2013, ScientificAmerican.com 45




Ardipithecus ramid

Undiscovered lineag®

Australopit 45 5€
This species ows ch gesin’® pelvis N
andfe€ that5|gna| bipedal Iocomotion, .
althoud dew'lsoftheankle nd midfoot ',<
sugges wal ed quitediffe

its gen ediba still

lond hat coU the

or a

ssessing

46 Sci
cientifi
C
American, Feb
» February 2
013

us
s
s pelvis 15

.

.

e
seqee’

adly damaged,
jon unknowm-

The“Ardi" specime
details of her Jocomo!
ds

Jeaving 0
- id feet@n o
a

d etatarsal hea

o-oa.-co;a

Tentat'we
connection (dotted)

an troglod)’tes

.
e
e
P A

Hom

Gray Y rstia: g
iphic by

y Jen Christiar
h T nsen

0 erect

0o’

us



FINDINGS

Our Tangled Family Tree

The evolution of Homo sapiens has long been viewed as a simple, stepwise trajectory
that proceeded from a primitive chimplike ape, through a series of intermediary
protohumans, and finally to upright and elegant humans. With each station, the features
morphed in a single direction: fingers shortened, big toes came into forward alignment,
and the head shifted to rest atop a vertical back. New discoveries, however, have shown
this “march of progress” picture to be flawed. Fingers have come in all different lengths,
diverged big toes (for climbing in trees) have persisted alongside forward-aligned big toes
(adapted for upright walking), and even ancient apes show adaptations for walking upright.
This jumble of fossil features emphasizes that evolution is a messy business and hints
that early human evolution involved multiple parallel lineages (orange and blue paths) just
as later human evolution did. Thus, figuring out which species fossils belong to, along
with sorting ancestral lines from dead-end branches, will be harder than was once thought.
The illustration on these pages shows how the distribution of some key features related
to locomotion in modern and extinct apes and human relatives is complicating the story
of our origins.
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“What we're glimpsing in the fossil record
is but a flicker of the ancient diversity.”

—Carol V. Ward, University of Missouri School of Medicine

Lucy’s species—A. afarensis—for all its bipedal ability, retained
relatively long arms, suggesting that it might still have occa-
sionally ascended into the trees. A recent analysis of fossils
from a young A. afarensis found in 2000 in Dikika, Ethiopia, in-
dicates that the species had rather apelike shoulders, which
presumably rendered it a proficient climber. So perhaps Lucy,
like Ardi and other species that came before and after, had “the
best of both possible worlds,” Jungers says.

White and his colleagues have placed A. ramidus as a possi-
ble ancestor to A. afarensis—and therefore as a potential direct
forebearer to H. sapiens. Given Ardi’s age and other details of
her anatomy, however, plenty of researchers suspect she might
not be in our direct line. “Ardi may be an early hominin that
went off in its own direction,” says David Begun of the Univer-
sity of Toronto. Ardi lived just 200,000 years before a more sol-
idly bipedal species called Australopithecus anamensis, which
many experts believe to be ancestral to A. afarensis. A rapid
evolution from A. ramidus to A. anamensis (eventually leading
to A. afarensis) might have been possible, but many research-
ers, including Begun, agree that the more likely explanation is
that these species belong not to a single tidy lineage but to two
or more different lines. “I think [A. ramidus] probably is an
evolutionary side branch,” Begun says. Not even Lucy’s place as
a direct human ancestor has been settled; the paucity of hom-
inin fossils between the end of A. afarensis and the emergence
of early Homo has kept this question open, notes Yohannes
Haile-Selassie of the Cleveland Museum of Natural History,
who worked on the 2009 Ardi papers.

Although Ardi’s curious mix of traits—those palm-walking
wrists, backward-flexing toes and small canine teeth, for in-
stance—has caused considerable consternation over her place
in the family tree, her remains have yielded important insights
into human origins precisely because she neither resembles a
chimp nor fits the traditional conception of a hominin. If she is
an early hominin in the line leading to us, then our last com-
mon ancestor probably did not look much like a chimpanzee.
And if Ardi represents a hominin lineage distinct from our own
or perhaps is an extinct ape, then she shows that upright walk-
ing is not the defining trait of our line alone. Either way, scien-
tists’ understanding of human evolution gets a shake-up.

COMPANY FOR LUCY

WHILE MANY RESEARCHERS were still reeling from the implica-
tions of Ardi, a new anatomical mystery emerged from a site
called Burtele, also in Ethiopia’s central Afar region. Described
in 2012, this find consists of just eight small foot bones—too
few to warrant a new species name but enough for scientists to
confidently assert that this specimen is unlike anything seen
before. The foot hammers home the idea that hominin evolu-
tion was a lot more complex than even Ardi would suggest.

Despite having few bones to tell us about the Burtele speci-
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men, Jungers calls it “decidedly hominin,” noting that “the Bur-
tele big toe is a hominin big toe.” Yet this hominin foot is much
more archaic than that of an established upright walker such
as Lucy’s species. In fact, it resembles Ardi’s foot in having a
grasping big toe that points off to the side, suggesting an at
least partly arboreal mode of locomotion. This feature might
not be so jarring if it were similar in age to Ardi—but it is not.
The foot dates to 3.4 million years ago, making its owner a con-
temporary of A. afarensis, which roamed the same region from
roughly 3.6 million to 2.9 million years ago.

Like Ardi, the Burtele animal probably walked on the outer
edge of its foot when it was upright (avoiding the big toe be-
cause it would not propel the walker forward as ours does).
Neither creature had yet developed the optimal adaptations for
efficient bipedalism, but both could still grasp branches with
their feet. Without a medial cuneiform bone (a large bone in
the middle of the foot) from Burtele, it is difficult to know how
far akimbo its big toe was, notes Jeremy DeSilva of Boston Uni-
versity. Additionally, a knee, pelvis or head would help reveal
how the Burtele specimen fits into the apparently complicated
story of evolutionary experiments in locomotion.

The Burtele animal might represent a doomed descendant
species of A. ramidus and an evolutionary side branch that ex-
isted, for a time, alongside our own lineage. “You think about
Lucy looking up in the tree and seeing these things,” says Bruce
Latimer of Case Western Reserve University. “These animals
would have bumped into each other.” Indeed, the Burtele site
lies only about 48 kilometers from where Lucy was found. The
discovery of a fossil that is so suggestive of not being a direct
ancestor is important, too. “It gives us a much more realistic
perspective on our history,” Ward says, adding that “we can
learn as much from something sister to us [as we can from]
something that might be a direct ancestor—we see what op-
tions our ancestors didn’t pursue.”

MORE PIECES, HARDER PUZZLE

THE BURTELE FOOT underscores that our status as the only surviv-
ing hominin (Neandertals went extinct some 28,000 years ago,
and the hobbitlike Homo floresiensts died out some 17,000 years
ago) is probably the exception in hominin evolution rather than
the rule. Just as recent chapters of our evolution featured multi-
ple coeval lineages of hominins, so, too, was the rest of our his-
tory most likely littered with different overlapping relatives.
Now that researchers have evidence that two very different
hominins—the Burtele animal and Lucy—were living at roughly
the same time, they are realizing that both new and old hom-
ininesque fossils will have to be closely reexamined to deter-
mine which species they belong to rather than just being dated
and assigned to a reigning hominin of that era. “That’s disserta-
tions—and tons of work,” DeSilva says. But rather than it being
a headache, he notes, “that’s incredibly exciting.”



Scientists are also slowly learning that these findings should
not be as unexpected as they have been. Ward suggests that
“when you find something like the Burtele foot, which is clearly
different than A. afarensis, in some ways we should say, ‘Of
course!’”” In the Miocene epoch, between 23 million and five
million years ago, hundreds of great ape species lived all over
the world. To think that somehow that diversity suddenly dis-
appeared is crazy, Ward says. “What we’re glimpsing in the fos-
sil record is but a flicker of the ancient diversity,” she adds. Un-
fortunately, however, the variety makes it harder to identify our
early direct ancestors and the last common ancestor of humans
and chimpanzees. Further complicating matters, chimpanzees
and other African apes currently have a poor fossil record.

Will it ever be possible to infer evolutionary relationships
precisely enough to construct our family tree with confidence?
Possibly not—at least not anytime soon. In a 2011 paper in Na-
ture, two anthropologists said the quest may be doomed by ho-
moplasy, in which different species develop similar traits inde-
pendently. (Scientific American is part of Nature Publishing
Group.) Independent development means that the presence of
a trait, such as walking upright—even in species separated by
millions of years—does not guarantee that one species is direct-
ly descended from the other. “Shared features can only take you
so far in determining evolutionary relationships,” notes biolog-
ical anthropologist Terry Harrison of the Center for the Study of
Human Origins at New York University, co-author of the Nature
paper with Bernard Wood of George Washington University.
For instance, the extinct ape Oreopithecus bambolii, which
lived in what is now Italy nine million to seven million years
ago, had small canine teeth relative to other Miocene apes, a
short face, a forwardly placed foramen magnum, and short,
broad hips—all features associated with hominins. Yet it is
nonetheless assumed to be a primitive great ape rather than an
early hominin, partly because of its different style of upright lo-
comotion (which may have been confined to trees—similar to
extant gibbons), along with characteristics of its feet, fingers
and arms, which appear to have been well adapted to climbing
in, and swinging among, tree branches.

The Burtele foot adds evidence for homoplasy in the case of
upright walking. “Just like you have multiple forms of climbing
and multiple ways of walking on four legs in the primate world,
why not a couple of different versions of being bipedal?” DeSilva
asks. “Evolution’s pretty clever and comes up with solutions to
problems over and over again.” He admits to having been a critic
of theories arguing for different types of upright walking in crea-
tures such as the recently discovered Australopithecus sediba, a
nearly two-million-year-old species from South Africa, which had
unique heel, ankle, midfoot and knee anatomy. He initially had
assumed that the anatomical variations evident in this species
might not result in much more locomotor difference than the
variation seen in how various modern humans walk. But the Bur-
tele bones helped to change his mind. “No one’s bones look like
that,” he says. “You're forced to come to the conclusion that there
were different strategies—different ways of getting around.”

But this realization is not always comfortable. “Everybody
wants to think that humans are special,” Latimer says. But if
Ardi and other early hominins possess so many nonchimplike
traits and chimps themselves are so highly derived, then our last
common ancestor was probably not chimplike. Indeed, it may

have looked more homininlike. Latimer points out that the last
common ancestor probably had shorter fingers, like those of
A. ramidus and A. afarensis. It probably also had a brain small-
er than a chimp’s. As Jungers notes, chimpanzees appear to
have bigger brains than some early hominins.

The challenge of figuring out what the last common ances-
tor might have looked like and how it moved seems bound to
intensify. If the past decade has taught paleoanthropologists
anything, it is that the branches of human ancestors most like-
ly will continue to get even more convoluted—especially going
back further in time. “It’ll get messy back there,” Latimer says.

ANCESTRAL QUAGMIRE
TO MAKE MATTERS more confusing, the last common ancestor is
not going to be a single individual, as DeSilva points out. It is
going to be a population—and that population will have cous-
ins, and they will have cousins. “Knowing whether you have the
common ancestor without DNA is going to be difficult.”

Advances in genetic analysis of living humans and apes have
helped scientists estimate when our last common ancestor with
chimps lived. But the window—of six million to 10 million
years—is still a large one, and sequencing alone cannot yet re-
veal what the creature might have looked like. Still, current re-
search is starting to refine estimates of mutation rates, which
will narrow the target and help paleontologists home in on geo-
logic deposits of the right age that could potentially yield fossils
of the ancestor. And pairing fossil evidence with genetic analy-
sis can move the science forward by fleshing out what changes
in the genome separated our line from that of chimpanzees as
we first began to diverge.

Yet without the genomes of these ancient hominins, it is dif-
ficult to place them on any kind of a family tree—or bramble
bush. This endeavor is especially tricky “because these things
are more closely related to you and me than anything else liv-
ing on the planet today,” DeSilva explains. So, for example, try-
ing to figure out what the smallest changes in the shape of a
foot bone over time say about the evolutionary relationships of
the creatures represented in the fossil record has been, unsur-
prisingly, quite difficult and often contentious.

Although many researchers suspect they might not ever be
able to put together a complete picture of hominin ancestry,
that worry is unlikely to stop them from trying. But this ever
shifting field will need to brace for more Ardis and many more
Burteles that shake the established tree. “Be prepared to be
shown that youre wrong,” DeSilva says. “Embrace it—because it
shows that things are much more interesting and surprising.”

Katherine Harmon is an associate editor at Scientific American. Her book
about octopuses will be published this fall by Penguin’s Current imprint.
Sharon Begley provided additional reporting for this article.

MORE TO EXPLORE

Ardipithecus ramidus and the Paleobiology of Early Hominids. Tim D. White et al. in
Science, Vol. 326, pages 64 and 75-86; October 2, 2009.

A New Hominin Foot from Ethiopia Shows Multiple Pliocene Bipedal Adaptations.
Yohannes Haile-Selassie et al. in Nature, Vol. 483, pages 565-569; March 29, 2012.
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| IN BRIEF |

Three new climate studies indicate that our long-
held belief about the Gulf Stream’s role in tempering
Europe’s winters may not be correct. Yet the studies
themselves do not agree.

Two of the three studies ascribe a surprisingly large

Gulf Stream water (red)
is the warmest in this infrared image
of the Atlantic; yellow, green,blue and
purple zones are progressively cooler.

role to the direction of the prevailing winds, and one
focuses on the heat lost from the ocean.

Many climate models indicate that extensive melt-
ing of Arctic ice would not actually shut down the
Gulf Stream, as previously thought.

The ocean’s influence on climate in Europe and else-
where should become clearer within a decade, now
that a global array of more than 3,000 floating ocean
sensors called Argo is making near-real-time maps of
temperature and salinity down to 2,000 meters.

February 2013, ScientificAmerican.com 51




Stephen C. Riser is a professor of oceanography at the University (=51 #
of Washington. He is also a long-standing member of both the A
USS. Argo Consortium and the international Argo Steering Team. o

M. Susan Lozier is a professor of physical oceanography :
at the Nicholas School of the Environment at Duke University 4
and is part of the U.S. Atlantic Meridional Overturning el ¥

Circulation Science Team. ARS-)

FOR A CENTURY, SCHOOLCHILDREN HAVE
BEEN TAUGHT THAT THE MASSIVE OCEAN
CURRENT KNOWN AS THE GULF STREAM

carries warm water from the tropical Atlantic Ocean to north-
western Europe. As it arrives, the water heats the air above it.
That air moves inland, making winter days in Europe milder
than they are in the northeastern U.S.

It might be time to retire that tidy story. The explosion of in-
terest in global climate has prompted scientists to closely study
the climatic effects of the Gulf Stream only to discover that
those effects are not as clear as conventional wisdom might
suggest. Based on modeling work and ocean data, new explana-
tions have emerged for why winter in northern Europe is gen-
erally less bitter than winter at the same latitudes in the north-
eastern U.S. and Canada—and the models differ on the Gulf
Stream’s role. One of the explanations also provides insight
into why winter in the U.S. Northwest is warmer than it is
across the Pacific in eastern Russia.

At the same time, recent studies have been casting doubt on
the popular conjecture made a few years ago that melting of
Arctic ice could “shut down” the Gulf Stream, thereby wreaking
havoc with Europe’s weather. Yet the studies do suggest that
climate change could at least affect the strength of the Gulf
Stream, which could lessen the impact of global warming on
northern Europe.

COMPETING THEORIES
CLIMATE VARIATIONS ACROSS the globe stem primarily from the
earth’s spherical shape. Because the sun’s rays are more perpen-
dicular to the earth’s surface at lower latitudes, they impart more
heat per unit area there than at higher latitudes. This differential
heating leads to the prevailing atmospheric winds, whose insta-
bilities redistribute that heat from the tropics to the poles. The
oceans, covering 70 percent of the earth, also play a major role in
this redistribution. The upper two meters of the oceans store
more solar heat than the entire atmosphere above the seas be-
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cause the specific heat (a property that determines the capacity
to store heat) of a cubic meter of water is about 4,000 times
greater than the same volume of air (and about four times larger
than it is for soil). Water temperatures in the upper 100 to 200
meters of the oceans at midlatitudes might vary by 10 degrees
Celsius over a year, storing and releasing an immense amount of
heat compared with the atmosphere or the land. And because
ocean currents, such as the Gulf Stream, move water around the
globe, heat gained in the summer at one locale can later be re-
leased to the atmosphere thousands of kilometers away.

Given that movement and the oceans’ ability to store heat, it
is easy to hypothesize that ocean currents might be responsible
for the fact that winter air temperatures in Ireland, at about 50
degrees north latitude, are nearly 20 degrees C warmer than
they are at the same latitude across the Atlantic in Newfound-
land. Similarly, air temperatures at 50 degrees north latitude in
the eastern Pacific, near Vancouver, are about 20 degrees C
warmer than they are at the same latitude at the southern tip of
Russia’s Kamchatka Peninsula.

In the 19th century geographer and oceanographer Matthew
Fontaine Maury was the first to attribute the relatively mild cli-
mate of northwestern Europe to the Gulf Stream. This powerful
ocean current flows northward along the southeastern U.S.
coast, a product of warm waters from the subtropics and trop-
ics. At about the latitude of Cape Hatteras, N.C., the Gulf Stream
turns to the northeast and flows out into the Atlantic. Maury
surmised that the Gulf Stream supplies heat to the overlying
westerly winds that move across the Atlantic toward north-
western Europe. He also speculated that if the Gulf Stream
were somehow diminished in strength, the winter winds would
be much colder and that Europe would experience Arctic-style
winters. Over the years Maury’s idea became almost axiomat-
ic—and until recently, it also remained largely untested.
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A decade ago, however, Richard Seager of Columbia Univer-
sity’s Lamont-Doherty Earth Observatory and his colleagues
produced an explanation for Europe’s warmer winter that had
nothing to do with the Gulf Stream. Seager’s modeling study in-
dicated that when the atmospheric jet stream, which flows
around the earth from west to east, hits the Rocky Mountains,
it begins to oscillate north and south. The oscillation produces
winds that flow from the northwest over the western side of the
Atlantic basin and from the southwest over the Atlantic’s east-
ern side. The northwesterly winds bring cold continental air to
the northeastern U.S., whereas the southwesterly ones bring
warm maritime air to northwestern Europe.

In this view, it is not heat carried by the Gulf Stream that
moderates the European climate. Instead heat that is stored off
the shores of Europe, in the upper 100 meters of the ocean dur-
ing the summer, is released to the atmosphere in winter when
the southwesterly winds mix the surface ocean waters. In this
scenario, the classic conjecture of Maury is incorrect: large-
scale wind patterns directed by mountain ranges, plus local
storage of heat by the ocean near Europe, set the temperature
differences between the western and eastern sides of the Atlan-
tic [see box on next two pages].

It is important to keep in mind that Seager’s model simula-
tions did not explicitly take into consideration the transport of
heat by the ocean, a point addressed in a study released soon
after Seager’s by Peter Rhines of the University of Washington
and Sirpa Hiakkinen of the NASA Goddard Space Flight Center.
They put forth a counterargument that offered some modern
support for Maury’s historical ideas. After examining archived
sea-surface temperature data, the two oceanographers con-
cluded that the amount of heat stored in the upper layer of the
eastern Atlantic Ocean at the latitudes of northern Europe is
enough to maintain mild air temperatures only through De-
cember of an average year. The additional heat required to
moderate the climate over the remainder of the winter had to
be imported from elsewhere. The most likely source: the north-
eastward-flowing Gulf Stream.

Measurements showed that at 35 degrees north latitude—
roughly the latitude of North Carolina—the North Atlantic
transports about 0.8 petawatt of heat northward, mostly by the
Gulf Stream. Yet at 55 degrees north latitude—the latitude of
Labrador in Canada—this poleward heat transport is negligibly
small. Where does all the heat go? Rhines and Hikkinen sug-
gested that it is released by the ocean into the atmosphere along
the path of the Gulf Stream. The prevailing winds then carry the
heat eastward, where it moderates the European climate. Rhines
and Hakkinen essentially argued for Maury’s Gulf Stream con-
jecture, and Seager argued against it, focusing on the role of the
atmospheric jet stream.

In 2011 Yohai Kaspi, now at the Weizmann Institute of Science
in Rehovot, Israel, and Tapio Schneider of the California Institute
of Technology unveiled a third idea, based on novel numerical ex-
periments of the atmosphere and the ocean. They suggested a de-
gree of truth in both the Seager and Rhines scenarios but concen-
trated mostly on patterns of atmospheric pressure. Kaspi and
Schneider’s model indicated that the loss of heat from the ocean
to the atmosphere along the path of the Gulf Stream where it
leaves the U.S. East Coast generates a stationary, atmospheric
low-pressure system to the east—on the European side of the At-

lantic. It also creates a stationary high-pressure system to the
west—over the eastern edge of the North American continent.
For complex reasons, the net result of this pattern is that the sta-
tionary low-pressure system delivers warm air to western Europe
via the jet stream’s southwesterly winds, which pick up heat re-
leased all winter long by the Gulf Stream. The stationary high
pulls in cold air from the Arctic, cooling eastern North America
and increasing the contrast in temperature between North Amer-
ica and Europe.

Thus, the difference in the climate across the Atlantic arises
not only because western Europe warms but also because east-
ern North America gets colder. Both regions have their charac-
teristic temperatures because of the atmospheric circulation pat-
tern established by heat loss from the ocean in the vicinity of the
Gulf Stream.

The amount of heat loss from the Gulf Stream that is required
to establish this circulation cannot be sustained only from heat
that the mid-Atlantic gains during the summer, however. Heat
transported by the Gulf Stream, from lower latitudes, is also
needed. In this sense, Kaspi and Schneider lend some credence to
Maury’s earlier ideas. Although the atmospheric low- and high-
pressure systems are created without any need to invoke the in-
fluence of the Rockies on the jet stream, this new work does high-
light the importance of the southwesterly winds in bringing
warmth to Europe.

Interestingly, the Kaspi-Schneider model can also explain
why western Oregon, Washington State and British Columbia
have much milder winters than what Kamchatka endures. This
transpacific contrast has never been attributed to the presence
of the Kuroshio, the counterpart of the Gulf Stream in the Pacif-
ic, primarily because the Pacific is a much larger ocean and the
Kuroshio is a considerably weaker current than the Gulf Stream
across much of it. Yet the Kaspi-Schneider result would suggest
that heat lost over the Kuroshio could induce a stationary,
atmospheric-pressure system similar to the one near the Gulf
Stream in the Atlantic. The system would deliver cold polar
air to northwestern Asia via northwesterly winds there, and
southwesterlies would deliver warmer air to the northern U.S.
Pacific Coast.

SHUTTING DOWN THE GULF STREAM

THE JURY is still out on which model is correct, although the
Kaspi-Schneider scenario seems plausible. The second part of
Maury’s conjecture—that a cessation of the Gulf Stream would
lead to more intense winters over northwestern Europe—has
also recently generated considerable interest. For many years
the nature of the Gulf Stream’s role in climate change has been
framed as this question: If a warmer climate melts Arctic ice,
will the excess freshwater that enters the ocean in the northern
Atlantic decrease the overturning circulation there, shut down
the Gulf Stream and rob northwestern Europe of an important
source of heat?

The overturning circulation consists of warm upper waters in
the North Atlantic that move northward toward the pole and of
cold deep waters that move southward toward the equator. These
shallow and deep currents link to form something of a conveyor
belt by the sinking, or downwelling, of surface waters at high lati-
tudes in the Labrador and Nordic seas and by deep water else-
where in the global basin that rises, or upwells, to the surface. In
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ALTERNATIVE THEORIES

Why Winter Is Warmer in Europe

A century-old explanation says that warm Gulf Stream water makes Europe’s winters
milder than those at the same latitude on the North American side of the Atlantic. But
competing new explanations emphasize the jet stream (prevailing winds) and Arctic air.

Coolwinds  Gulf Stream Rising heat

The Classic Story, Incorrect

essence, the cold waters that sink in the northern North Atlantic
are replaced by relatively warm surface waters that upwell else-
where in the global ocean.

In many climate-warming scenarios, the melting of Arctic
ice would add a large quantity of freshwater to the ocean at
high latitudes. Because freshwater is less salty (and thus less
dense) than seawater, it might not sink—so the downwelling
that feeds the deep currents of the overturning circulation
would be inhibited. In this case, there would be no physical re-
quirement for warm deep waters to rise up elsewhere because
there would be no downwelling to compensate for; in conse-
quence, with no new warm water rising to the surface, the
northward flow of such water—the Gulf Stream—might be di-
minished. Alternative scenarios hold that freshwater additions
at high latitudes would divert the Gulf Stream farther south or
diminish its strength. In either case, a weakened or diverted
Gulf Stream would provide less heat for European winters.
Many models strongly predict that a decrease in the overturn-
ing circulation correlates with a subsequent cooling in the
North Atlantic and northwestern Europe.

Yet recent modeling studies with higher resolution of ocean
currents suggest that fresh Arctic meltwater may pour mostly
into currents that are more restricted to the coastlines and there-
fore have less influence on the open ocean, where downwelling
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Warm winds

New Theory 1: Jet Stream
An oscillating jet stream heads from the
southwest toward Europe. The winds
churn the ocean’s warm surface, releasing
heat that was stored in the water during
the summer.

Cold jet stream  Warm jet stream

Ocean-churning winds  Released heat

The Gulf Stream carries warm tropical water toward the southeastern U.S. and
then crosses the Atlantic Ocean toward Europe. According to the old theory, as the
water arrives near Europe, it heats the air above it. Winds move that mild air inland.

primarily occurs. Even if freshwater significantly affected the
amount of waters downwelled in the North Atlantic, it turns out
to be highly unlikely that this change would effectively shut
down the Gulf Stream. A shutdown is unlikely because the path
and the strength of the Gulf Stream depend largely on the speed
and direction of the large-scale midlatitude winds. In most cli-
mate change scenarios, the general direction of the large-scale
winds does not change significantly as Arctic ice melts, so the
general path and strength of the Gulf Stream do not change
much either. The northeastward extension of the Gulf Stream—
the relatively small branch that brings the warm upper waters to
the subpolar regions—could potentially be disrupted, however.
Thus, the weight of evidence indicates that the Gulf Stream
would persist, but it is unclear how much Gulf Stream water
would be carried northward under different climate scenarios.

MORE DATA, BETTER RESOLUTION

AT PRESENT, answers to how climate change would affect Eu-
rope’s weather come largely from modeling experiments. Still,
the experiments have considerable uncertainties that can be
reconciled only with more extensive data from the oceans. Few
observations from the open oceans are older than a century,
and we have satellite data for just the past 30 years or so.

Scientists have recently been making considerable progress
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Prevailing winds

Theory 2: Heated Winds

The Gulf Stream releases heat to the
atmosphere along its path across the Atlantic.
The jet stream carries the heat eastward,
where it moderates Europe’s temperatures.

Rising heat

in improving the oceanic database through the Argo project, an
ongoing global collection of temperature and salinity measure-
ments from more than 3,000 floating sensors scattered world-
wide. The Argo array, deployed and operated by the U.S. and
more than 30 other countries, allows scientists to make near-
real-time maps of temperature and salinity in the upper 2,000
meters of the world’s oceans. The complete array has been in
place for less than a decade, and we are just beginning to use it
to effectively examine the connection between atmospheric
variability and changes in the large-scale ocean.

For example, a comparison of the Argo data with ocean ob-
servations from the 1980s, carried out by Dean Roemmich and
John Gilson of the Scripps Institution of Oceanography, shows
that the upper few hundred meters of the oceans have warmed
by about 0.2 degree C in the past 20 years. Upper-ocean salinity
also increased globally by a small 0.1 percent—yet below a few
hundred meters, ocean waters appear to be considerably fresh-
er than in previous decades. Whether these changes are enough
to alter the climate in Europe or anywhere else remains an
open question, but the data we are now getting from Argo offer
some clues. For the earth to neither warm nor cool, the input of
heat from the sun must equal the amount of heat radiated from
the earth back into space. Accumulating greenhouse gases in
the atmosphere are apparently upsetting this equilibrium. The

Theory 3: Pressure Systems
Heat released along the Gulf Stream
generates stationary atmospheric
high-pressure (H) and low-pressure (L)
systems. The pressure systems direct warm
prevailing winds toward Europe and also
draw in cold prevailing winds from the
Arctic that cool eastern North America,
which accentuates the temperature
difference between the continents.

Cold jet stream

Warm jet stream

observed warming of 0.2 degree C in the upper ocean is consis-
tent with an excess of incoming solar radiation over outgoing
radiation of approximately one watt per square meter.

Early results from our improved ocean observatory provide
a powerful input for climate theories and models. The results
also offer a hint at what will be possible in the coming decades.
In the next 10 years, as scientists examine, in tandem, the sea-
surface data from satellites, computer models and longer, sub-
surface data records from Argo, they should be able to assess
the role of the ocean in climate with new precision. At that
point, we may finally be able to determine how the Gulf Stream
will affect climate change on our watery planet.

MORE TO EXPLORE

Is the Gulf Stream Responsible for Europe’s Mild Winters? R. Seager et al. in Quarterly
Journal of the Royal Meteorological Society, Vol. 128, No. 586, pages 2563-2586; October 2002.
The 2004-2008 Mean and Annual Cycle of Temperature, Salinity, and Steric Height
in the Global Ocean from the Argo Program. Dean Roemmich and John Gilson in Prog-
ress in Oceanography, Vol. 82, No. 2, pages 81-100; August 2009.

Winter Cold of Eastern Continental Boundaries Induced by Warm Ocean Waters.
Yohai Kaspi and Tapio Schneider in Nature, Vol. 471, pages 621-624; March 31, 2011.
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howered cars have ever surpassed 400 miles per hour.
Now a group of students plans to do it in an electric vehicle
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S HE WAS WALKING TO A MATH CLASS DURING HIS
freshman year at Ohio State University, R. J.
Kromer spotted a poster for a student-run
team designing a fuel-cell-powered car. He had
never built anything more complex than Lego-
based robot Kkits, but he sent an e-mail to the
group asking to join anyway. To his surprise,
the team members responded immediately. “I thought there
would be all kinds of requirements,” Kromer recalls, “but they
said, ‘No, just show up.””

So Kromer headed over to the team’s work space at the
school’s Center for Automotive Research (CAR). He quickly
learned that the unique tribe of mostly baby-faced engineers
behind the Buckeye Bullet vehicles, a series of world-record-
breaking alternative-fuel cars, planned to test his dedication
first. Kromer started out in the engineering equivalent of the

Gregory Mone writes about science and
technology for publications that include
the Atlantic, Discover and Popular Science.
He is also the author of four books.

)
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ness to work. Kromer’s voluntary insomnia
is a group hallmark. Bullet engineers often
watch dawn creep in below the 30-foot-tall
garage bay doors at the end of their shop.
They sleep on conference room floors and,
occasionally, test tracks. They spurn the av-
erage student’s beer-doused weekend in fa-
vor of cutting metal, testing batteries and
designing custom suspension systems.
These are not suspension systems on go-
karts. This group has produced several of
the fastest alternative-fuel vehicles in histo-
ry. The hydrogen fuel-cell car that drew

mail room. For the first few months he was mostly sweeping
the shop or arranging and organizing various tools and spare
parts. Between custodial tasks, though, senior team members
started teaching him about wiring, control systems, and more.
Soon he was learning more in the shop than he was in class.
The next year two seniors graduated, and Kromer was in charge
of electrical engineering. “It turns out if you’re willing to not
sleep, you can pick up on things pretty fast,” he says.

The Buckeye Bullet team is filled with similar stories. Team
leader David Cooke joined by chance as a freshman. Senior en-
gineer Evan Maley joined as a wide-eyed high school student
who liked fast cars. Cooke says that in evaluating new volun-
teers, the team does not look for 1Q scores so much as a willing-

Kromer’s interest averaged a top speed of 286 miles per hour in
2008. Two years later the team remodeled it into a battery-pow-
ered racer that surpassed 300 mph. And in September of this
year, on the Bonneville Salt Flats outside Wendover, Utah, the
group contends that its redesigned vehicle will be the first elec-
tric racer to crack 400 mph.

Only nine gasoline-powered, wheel-driven cars have ever
gone that fast. “The jump from 300 to 400 is huge,” Cooke says.
As the car approaches 400 mph, aerodynamic drag increases
geometrically. The motors demand more current, which means
more batteries and added weight in a vehicle that needs to be
as light as possible. Finally, the tires will spin so fast that cen-
trifugal forces threaten to rip them apart. The challenges are

The Buckeye Bullet team at Ohio State
University is building what it hopes will
be the first electric vehicle to break 400
miles per hour, something only nine
gas-powered cars have done.
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Earlier iterations of the vehicle have al-
ready set electric-vehicle speed re-
cords, but crossing to 400 mph requires
that the team invent solutions to a host
of engineering problems.

Among the challenges: generating
enough power from the four electric
motors, tweaking the aerodynamics to
keep the car fast but stable, and making
sure the tires don't blow apart.

If all goes as planned, the team will
make its attempts at breaking the 400-
mph barrier during test runs this com-
ing September on Utah’s Bonneville
Salt Flats.

THE CENTER FOR AUTOMOTIVE RESEARCH, OHIO STATE UNIVERSITY

PRECEDING PAGES: COURTESY OF BARRY HATHAWAY AND



COURTESY OF THE CENTER FOR AUTOMOTIVE RESEARCH, OHIO STATE UNIVERSITY

formidable enough to discourage a team of veteran engineers,
let alone a band of grad students and college Kids.

FAST DESIGN

IN 1993 GIORGIO R1ZZONI, now director of CAR, assembled the first
student team to compete in a short-lived collegiate racing series
for battery-powered cars. The team’s vehicle, the Smokin’ Buck-
eye, won most of its races, but within a few years the series was
cancelled, and Rizzoni figured that would be the end of the pro-
gram. Instead two of his students informed him that they had
struck a sponsorship deal with a local company. They wanted to
build the fastest electric car in history. “I looked at the students
and said, ‘You are positively insane,’” Rizzoni recalls.

Over the next decade the team built three world-record-break-
ing vehicles. Now Rizzoni rarely questions the team members’
lofty goals or engineering or deal-making skills. When Cooke and
the team decided they wanted to break the 400-mph barrier, they
knew they would need to veer off the standard funding avenues.
So they appealed to Gildo Pallanca Pastor, the then 45-year-old
owner of Venturi Automobiles, an electric vehicle manufacturer
based in Monaco. Pastor, a former amateur racer, the head of a
Monaco real estate empire and a restaurateur, had been tracking
the team for several years. In 2010 he signed a sponsorship deal
to back the quest for 400 mph.

Two years later, on a humid Wednesday last August at CAR
headquarters, an inauspicious two-story building with a brick
facade at the front and several cavernous hangars at the back,
the bearded, 26-year-old Cooke explains that the overall design
of the car is nearly settled. The Venturi Buckeye Bullet 3 (VBB3)
will be 38 feet long, with four-wheel drive. Because the power
required to accelerate the car to 400 mph would be too great
for one motor, the team plans to divide the task among four of
them. Each motor will generate 400 horsepower, 1,600 in total.

Cooke and several others have been collaborating with Ven-
turi engineers on a custom motor design. The Bullet engineers
outlined the ideal dimensions, performance specifications and
other details, and they have been iterating designs with the
Venturi team for a year. Pastor has already begun road testing a
scaled-down version of the Bullet’s motor in Venturi’s America
model, an electric sports car with a top speed of 124 mph. The
four Bullet motors will be slightly longer and more powerful,
but they will not be finished for a few weeks.

For now, though, the motors are not the main concern. At
CAR, the graduate and undergraduate students on the VBB3
team, including Cooke, Maley and a dry-witted 23-year-old en-
gineer named Ling Wang sit in the same small office. When
Maley and Cooke step inside, Wang is flipping around a 3-D
model of the car’s vertical tail fin on his screen. Wang is the
aerodynamics expert, and aerodynamics is arguably the biggest
challenge in jumping from 300 to 400 mph. The power re-
quired to overcome aerodynamic drag is proportional to the
cube of the desired velocity. So if you want to double your
speed, you need roughly eight times the power.

Cary Bork, a former team member who had just left to take
a job at Boeing, spent two years fine-tuning the VBB3’s aerody-
namic shell, changing the shape and adding drag-reducing fea-
tures such as spoilers to cover the wheels. The Bullet will have a
steel frame and a carbon-fiber shell with a strong but light-
weight core made in part from Nomex, a flame-resistant fiber.

COMPUTER SIMULATIONS

The Shape of Speed

When race cars go into wind tunnels, the designers place

a rotating belt under the vehicles to accurately model the
interaction between the car and the ground. But most belts
only work up to 150 mph. So the Buckeye Bullet team is doing
all of its aerodynamic modeling using computational fluid
dynamics (top and middle). The narrow design of the new Bullet
is made possible by flat “pouch” battery modules (bottom).

Yet a few big questions remain. Today Wang is focused on the
tail fin.

Anything that juts out of the car will add drag, but the team
has to have a tail fin to protect the safety of the test driver, a
62-year-old racer named Roger Schroer. All the aerodynamic
forces acting on a vehicle can be averaged to a single point,
known as the center of pressure. When this point is toward the
rear and the vehicle’s center of mass is closer to the front, the
two balance each other out and keep the vehicle on a straight-
line course even with a side wind. The VBB3 will have multiple
parachutes and, as a backup, a set of aircraft brakes, but neither
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DESIGN

Inside an Electric Rocket

This third iteration of the Buckeye Bullet is being redesigned from scratch, with a shell

Carbon-fiber
panels

of carbon fiber and a steel driver chassis modified from an IndyCar design. A prominent
tail fin adds stability—especially in case of crosswinds—but it adds aerodynamic drag.
Power comes from 80 custom-designed battery modules and four electric motors,

each producing 400 horsepower. After the run, a set of at least three parachutes will
slow the vehicle; aircraft-grade brakes will serve as a backup in case of emergency.

Gearbox
Aircraft brakes

Independent
suspension
(not shown)

DC-to-ACinverter

Motor

would help Schroer in the event of a spin. “At the end of the
day,” Cooke says, “Roger’s life is the most important thing.”

The question is how to strike a balance between aerodynam-
ics and safety. With rapid mouse clicks, Wang picks apart the
tail and spins it around in the virtual 3-D space. He switches
from a flat design that comes to a point at the top to something
resembling the end of a dolphin’s tail—a horizontally oriented
fin mounted atop an otherwise vertical one. Maley explains that
the team is trying to figure out a way to add a GPS unit and two
cameras—one facing the front, the other looking back—to cap-
ture data during the run. Wang added the horizontal fin to
house all three, then sent his revision to Bork at Boeing.

The new addition, Wang informs them, has just been “Borked.”
This is the team’s shorthand for when Bork rejects a change on
the grounds that it will add too much drag. “He’s telling us, ‘You're
making the car go slow, so don’t do it,” Cooke explains.

Slightly annoyed, Wang clarifies: “I knew it was going to
make it slower,” he says. “But how much slower?”

As Wang goes back to the model, Cooke turns to another
challenge, the batteries. Earlier in the day he showed off several
of CAR’s battery-testing chambers. Inside, custom programs re-
peatedly deplete and charge up battery cells, all while modulat-
ing the environmental conditions. This gives CAR’s engineers a
better sense of a battery’s true performance, which does not al-
ways match the advertised specifications. For the past year
Cooke and the group have been rigorously testing a prototype
iron nanophosphate lithium-ion battery from the now defunct
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(modified IndyCar
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Battery bank

manufacturer A123 Systems. On race day, the Bullet will have to
finish at least two runs to earn an official world record, and at
the end of each 60-second sprint, Cooke notes, the batteries
need to be completely depleted. “We want to get all the energy
out of a battery in one run,” he says. “If we leave any extra ener-
gy in, that means we carried extra weight in batteries.”

The A123 batteries, designed in part by two former Bullet
team members who worked at the company, not only store
more charge than anything else on the market, they also do it
in a tighter package. Cooke explains that standard cylindrical
cells, such as the ones they used on their last racer, take up too
much space. The circular cross section leaves gaps when you
pack them together. That added space translates into more
overall volume and a larger car, which means a thicker aerody-
namic profile and, in the end, less speed.

Cooke takes a black box reminiscent of a car battery down
from a shelf next to his desk, along with a thin, flat, silver
square package that could pass for an ice pack. These pouch-
type batteries generate more current from a smaller volume.
Each one of the black modules will hold 25 pouch cells, with
one packed next to the other without gaps, and the savings rel-
ative to cylindrical batteries will be enormous, given that there
will be 80 of these modules in all. “You’re cutting off a third of
the weight and volume,” Cooke says. “This is above and beyond
the best that’s out there.”

This challenge of packaging extends beyond the batteries.
The vehicle design process is largely about cramming as much
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as possible into as narrow a space as possible. Across from
Cooke’s workstation, for example, Maley’s monitor displays a
virtual rendition of the suspension system. Record-breaking
speedsters often forgo suspension to save weight. Because the
driver will have only one mile to accelerate the vehicle, howev-
er, Maley and the team decided that they will need traction
over every inch of that mile. A bump in the salt flats that causes
the wheels to spin, even momentarily, could result in a loss of
precious power. Maley explains later that the shocks for the
suspension were originally going to be set below the motor and
transmission. He is now in the process of revising that design.
After considering the overall packaging, he saw that the shocks
would have shifted the vehicle’s center of gravity upward.
“When you think about the transmission and motor weights,
you're talking about a few hundred pounds,” he says. “You want
to keep that weight as low as possible for stability.”

Next, Cooke heads out to the shop, a long, open warehouse
that also houses various other student-run CAR projects. At the
Bullet’s station, Cooke grabs a tire with just one-sixteenth of an
inch of rubber. He explains that as the vehicle passes 300 mph,
the tires will spin so fast that centrifugal force will cause them
to expand. The more rubber, the more mass and the greater the
force trying to rip that mass apart. A thinner tire means less
mass and less chance of the tire disintegrating at high speeds.
The catch is that the vehicle will be cruising on a fairly rugged
salt flat. “Will the tires make it?” Cooke asks aloud. “That’s one
of the things that keeps me up at night.”

COUNTDOWN TO LAUNCH

THREE MONTHS LATER, in early November, the team is just two
months from beginning construction. Maley has redesigned
the suspension to lower the motors and the car’s center of grav-
ity, but the tail remains a point of debate. As a safety precau-
tion, the team is now considering including three or even four
braking parachutes. These extras risk making the rear of the
vehicle too large, increasing drag. “The number of parachutes
is floating right now,” Wang admits.

A month before, the battery supplier A123 had gone bank-
rupt, but luckily the company’s Bullet alumni pushed the proj-
ect’s batteries out the door. “We have all our stuff from them,
plus some spares,” Cooke says.

The motors are also complete, albeit in slightly revamped
form. After further simulation tests, Venturi engineers suggested
the motors might not be able to provide enough power. Cooke
was hardly discouraged, though. “We’ve learned that you can’t
just accept no,” he says. “You need to ask why. Why can’t we pull
any more power? Is it that you can’t physically run any more cur-
rent through the copper windings?” Further digging revealed
that the problem was, in fact, related to temperature. According
to the simulations, the motors were going to overheat. So Cooke,
Maley and fellow undergraduate Luke Kelm worked with Venturi
to redesign the motor’s cooling system. They changed the flow of
the oil-based coolant so that it will come into contact with the
motor at more points, thereby enabling it to draw out more heat
and keep the temperature down.

This is the legacy of the Bullet project: less a set of techno-
logical innovations, impressive though they may be, than a
commitment to understanding the limits of existing technology
to overcome them. “It’s a fantastic exercise,” Venturi’s Pastor
says. “When you have to push components to their limit, you
can discover new things and push your ideas in a different way.”

Ultimately these challenges provide an unparalleled educa-
tion, producing a uniquely experienced set of graduates. The
Bullet program has produced 50 engineers over the years, and
most have gone on to prime jobs in the automotive manufac-
turing, aerospace and battery-technology sectors. “They are
better engineers because they have dealt with these complex
problems,” Pastor notes.

Kromer, the former freshman who joined on a whim, says he
has earned an education that goes far beyond what he learned in
class. The kid who did not know a thing about cars has spent the
past two years designing the electronic brains of the vehicle, a sys-
tem that monitors the performance of every component and syncs
it all with the driver’s controls. Still, Kromer and the others are not
just doing it for the lessons. At their core, they are still college Kkids,
and the prospect of breaking that 400-mph barrier in September
looms large. “We could break an international speed record,” he
says. “How many people coming out of college get to say that?”

MORE TO EXPLORE
Driving to Mach 1. Gary Stix in Scientific American, Vol. 277, No. 4, pages 94-97; October

1997.
The Buckeye Bullet: www.buckeyebullet.com

SCIENTIFIC AMERICAN ONLINE
Watch the previous iteration of the Buckeye Bullet break 320 miles per hour at
ScientificAmerican.com/feb2013/bullet
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The hallowed notion that oxidative damage causes aging
and that vitamins might preserve our youth is now in doubt

By Melinda Wenner Moyer
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AVID GEMS’S LIFE WAS TURNED UPSIDE DOWN IN 2006 BY A GROUP OF WORMS THAT
kept on living when they were supposed to die. As assistant director of
the Institute of Healthy Aging at University College London, Gems regu-
larly runs experiments on Caenorhabditis elegans, a roundworm that is
often used to study the biology of aging. In this case, he was testing the
idea that a buildup of cellular damage caused by oxidation—technically,
the chemical removal of electrons from a molecule by highly reactive
compounds, such as free radicals—is the main mechanism behind aging. According to this the-
ory, rampant oxidation mangles more and more lipids, proteins, snippets of DNA and other
key components of cells over time, eventually compromising tissues and organs and thus the

functioning of the body as a whole.

Gems genetically engineered the
roundworms so they no longer produced
certain enzymes that act as naturally oc-
curring antioxidants by deactivating free
radicals. Sure enough, in the absence of
the antioxidants, levels of free radicals in
the worms skyrocketed and triggered po-
tentially damaging oxidative reactions
throughout the worms’ bodies.

Contrary to Gems’s expectations, how-
ever, the mutant worms did not die prema-
turely. Instead they lived just as long as
normal worms did. The researcher was
mystified. “I said, ‘Come on, this can’t be
right,’” he recalls. “ ‘Obviously something’s
gone wrong here.’” He asked another in-
vestigator in his laboratory to check the re-
sults and do the experiment again. Noth-
ing changed. The experimental worms did

For decades researchers assumed that highly reac-
tive molecules called free radicals caused aging by
damaging cells and thus undermining the function-
ing of tissues and organs.
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not produce these particular antioxidants;
they accumulated free radicals as predict-
ed, and yet they did not die young—despite
suffering extreme oxidative damage.
Other scientists were finding similarly
confounding results in different lab ani-
mals. In the U.S., Arlan Richardson, direc-
tor of the Barshop Institute for Longevity
and Aging Studies at the University of
Texas Health Science Center in San Anto-
nio, genetically engineered 18 different
strains of mice, some of which produced
more of certain antioxidant enzymes than
normal and some of which produced few-
er of them than normal. If the damage
caused by free radical production and
subsequent oxidation was responsible for
aging, then the mice with extra antioxi-
dants in their bodies should have lived

Recent experiments, however, show that increases
in certain free radicals in mice and worms correlate
with longer life span. Indeed, in some circumstances,
free radicals seem to signal cellular repair networks.

longer than the mice missing their antiox-
idant enzymes. Yet “I watched those god-
damn life span curves, and there was not
an inch of difference between them,”
Richardson says. He published his in-
creasingly bewildering results in a series
of papers between 2001 and 2009.
Meanwhile, a few doors down the hall
from Richardson, physiologist Rochelle
Buffenstein has spent the past 11 years
trying to understand why the longest-liv-
ing rodent, the naked mole rat, is able to
survive up to 25 to 30 years—around
eight times longer than a similarly sized
mouse. Buffenstein’s experiments have
shown that naked mole rats possess low-
er levels of natural antioxidants than
mice and accumulate more oxidative
damage to their tissues at an earlier age

If these results are confirmed, they may suggest that
taking antioxidants in the form of vitamins or other
supplements can do more harm than good in other-
wise healthy individuals.
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than other rodents. Yet paradoxically,
they live virtually disease-free until they
die at a very old age.

To proponents of the long-standing ox-
idative damage theory of aging, these
findings are nothing short of heretical.
They are, however, becoming less the ex-
ception and more the rule. Over the course
of the past decade, many experiments de-
signed to further support the idea that
free radicals and other reactive molecules
drive aging have instead directly chal-
lenged it. What is more, it seems that in
certain amounts and situations, these
high-energy molecules may not be dan-
gerous but useful and healthy, igniting in-
trinsic defense mechanisms that keep our
bodies in tip-top shape. These ideas not
only have drastic implications for future
antiaging interventions, but they also
raise questions about the common wis-
dom of popping high doses of antioxidant
vitamins. If the oxidative-damage theory
is wrong, then aging is even more compli-
cated than researchers thought—and they
may ultimately need to revise their under-
standing of what healthy aging looks like
on the molecular level.

“The field of aging has been gliding
along on this set of paradigms, ideas
about what aging is, that to some extent
were kind of plucked out of the air,” Gems
says. “We should probably be looking at
other theories as well and considering,
fundamentally, that we might have to look
completely differently at biology.”

THE BIRTH OF
A RADICAL THEORY

THE OXIDATIVE DAMAGE, or free radical, the-
ory of aging can be traced back to Den-
ham Harman, who found his true calling
in December 1945, thanks to the Ladies’
Home Journal. His wife, Helen, brought a
copy of the magazine home and pointed
out an article on the potential causes of
aging, which he read. It fascinated him.

Back then, the 29-year-old chemist
was working at Shell Development, the
research arm of Shell Oil, and he did not
have much time to ponder the issue. Yet
nine years later, after graduating from
medical school and completing his train-
ing, he took a job as a research associate
at the University of California, Berkeley,
and began contemplating the science of
aging more seriously. One morning while
sitting in his office, he had an epiphany—
“you know just ‘out the blue,”” he recalled

EVIDENCE FROM HUMANS

When Vitamins Kill

Epidemiological studies show that people who eat lots of fruits and vegetables, which
are rich in vitamins and other antioxidants, tend to live longer and are less likely

to develop cancer compared with those who do not. So it seemed obvious that
supplementing diet with antioxidants should lead to better health. But the results of
the most rigorously designed studies do not support that assumption. Indeed, the
evidence shows that some people who take certain supplements are actually more
likely to develop life-threatening illnesses, such as lung cancer and heart disease.

Early Signs That Antioxidants Can Spell Trouble

A1996 study of some 18,000 men and women found 28 percent more lung cancers and 17 percent more
deaths in a group that was given beta-carotene and retinol compared with people who did not receive
the antioxidants. The increased risk became clear after 18 months, particularly in heavy smokers, and was
strongest among smokers who had been exposed to asbestos, a known carcinogen.
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Bottom Line: Taking Some Vitamins Can Shorten Life Span

In 2007 researchers reviewed 68 of the most scientifically rigorous studies of vitamins and reported that
pooling the data from the 47 trials with the least scientific bias resulted in a 5 percent increase in the rate
of early death. Further analysis linked the increased risk to beta-carotene, vitamin A and vitamin E.
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EVIDENCE FROM ANIMALS

Insight from Mutant Worms

Rather than causing aging (through oxidative chemical reactions that trigger cellular
damage), some free radicals may prove beneficial. One possibility, supported by the
work of Siegfried Hekimi and Wen Yang, is that a certain number of free radicals
stimulate an organism’s internal repair mechanisms to get to work. In their experiment
on roundwormes, published in 2010, the researchers genetically modified a group of
worms so that they produced high levels of certain free radicals. Much to their surprise,
the mutant worms lived longer than the normal worms. When the investigators fed
antioxidants to the mutant worms, their longevity advantage disappeared.

Worms with More Free Radicals Lived Longer
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in a 2003 interview: aging must be driv-
en by free radicals.

Although free radicals had never be-
fore been linked to aging, it made sense
to Harman that they might be the cul-
prit. For one thing, he knew that ionizing
radiation from x-rays and radioactive
bombs, which can be deadly, sparks the
production of free radicals in the body.
Studies at the time suggested that diets
rich in food-based antioxidants muted
radiation’s ill effects, suggesting—cor-
rectly, as it turned out—that the radicals
were a cause of those effects. Moreover,
free radicals were normal by-products of
breathing and metabolism and built up
in the body over time. Because both cel-
lular damage and free radical levels in-
creased with age, free radicals probably
caused the damage that was responsible
for aging, Harman thought—and antioxi-
dants probably slowed it.

Harman started testing his hypothe-
sis. In one of his first experiments, he fed
mice antioxidants and showed that they
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lived longer. (At high concentrations,
however, the antioxidants had deleterious
effects.) Other scientists soon began test-
ing it, too. In 1969 researchers at Duke
University discovered the first antioxi-
dant enzyme produced inside the body—
superoxide dismutase—and speculated
that it evolved to counter the deleterious
effects of free radical accumulation. With
these new data, most biologists began ac-
cepting the idea. “If you work in aging, it’s
like the air you breathe is the free radical
theory,” Gems says. “It’s ubiquitous, it’s in
every textbook. Every paper seems to re-
fer to it either indirectly or directly.”

Still, over time scientists had trouble
replicating some of Harman’s experimen-
tal findings. By the 1970s “there wasn’t a
robust demonstration that feeding ani-
mals antioxidants really had an effect on
life span,” Richardson says. He assumed
that the conflicting experiments—which
had been done by other scientists—simply
had not been controlled very well. Perhaps
the animals could not absorb the antioxi-

dants that they had been fed, and thus the
overall level of free radicals in their blood
had not changed. By the 1990s, however,
genetic advances allowed scientists to test
the effects of antioxidants in a more pre-
cise way—by directly manipulating ge-
nomes to change the amount of antioxi-
dant enzymes animals were capable of
producing. Time and again, Richardson’s
experiments with genetically modified
mice showed that the levels of free radical
molecules circulating in the animals’ bod-
ies—and subsequently the amount of oxi-
dative damage they endured—had no
bearing on how long they lived.

More recently, Siegfried Hekimi, a biol-
ogist at McGill University, has bred round-
worms that overproduce a specific free
radical known as superoxide. “I thought
they were going to help us prove the theo-
ry that oxidative stress causes aging,”
says Hekimi, who had predicted that the
worms would die young. Instead he re-
ported in a 2010 paper in PLOS Biology
that the engineered worms did not devel-
op high levels of oxidative damage and
that they lived, on average, 32 percent lon-
ger than normal worms. Indeed, treating
these genetically modified worms with
the antioxidant vitamin C prevented this
increase in life span. Hekimi speculates
that superoxide acts not as a destructive
molecule but as a protective signal in the
worms’ bodies, turning up the expres-
sion of genes that help to repair cellular
damage.

In a follow-up experiment, Hekimi ex-
posed normal worms, from birth, to low
levels of a common weed-controlling her-
bicide that initiates free radical production
in animals as well as plants. In the same
2010 paper he reported the counterintui-
tive result: the toxin-bathed worms lived
58 percent longer than untreated worms.
Again, feeding the worms antioxidants
quenched the toxin’s beneficial effects. Fi-
nally, in April 2012, he and his colleagues
showed that knocking out, or deactivat-
ing, all five of the genes that code for su-
peroxide dismutase enzymes in worms
has virtually no effect on worm life span.

Do these discoveries mean that the
free radical theory is flat-out wrong? Si-
mon Melov, a biochemist at the Buck In-
stitute for Research on Aging in Novato,
Calif., believes that the issue is unlikely
to be so simple; free radicals may be ben-
eficial in some contexts and dangerous in
others. Large amounts of oxidative dam-

SOURCE: “A MITOCHONDRIAL SUPEROXIDE SIGNAL TRIGGERS INCREASED LONGEVITY IN CAENORHABDITIS
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age have indisputably been shown to
cause cancer and organ damage, and
plenty of evidence indicates that oxida-
tive damage plays a role in the develop-
ment of some chronic conditions, such as
heart disease. In addition, researchers at
the University of Washington have dem-
onstrated that mice live longer when
they are genetically engineered to pro-
duce high levels of an antioxidant known
as catalase. Saying that something, like
oxidative damage, contributes to aging
in certain instances, however, is “a very
different thing than saying that it drives
the pathology,” Melov notes. Aging prob-
ably is not a monolithic entity with a sin-
gle cause and a single cure, he argues,
and it was wishful thinking to ever sup-
pose it was one.

SHIFTING PERSPECTIVE
ASSUMING FREE RADICALS accumulate dur-
ing aging but do not necessarily cause it,
what effects do they have? So far that
question has led to more speculation
than definitive data.

“They’re actually part of the defense
mechanism,” Hekimi asserts. Free radicals
might, in some cases, be produced in re-
sponse to cellular damage—as a way to
signal the body’s own repair mechanisms,
for example. In this scenario, free radicals
are a consequence of age-related damage,
not a cause of it. In large amounts, howev-
er, Hekimi says, free radicals may create
damage as well.

The general idea that minor insults
might help the body withstand bigger
ones is not new. Indeed, that is how mus-
cles grow stronger in response to a
steady increase in the amount of strain
that is placed on them. Many occasional
athletes, on the other hand, have learned
from painful firsthand experience that
an abrupt increase in the physical de-
mands they place on their body after a
long week of sitting at an office desk is
instead almost guaranteed to lead to
pulled calves and hamstrings, among
other significant injuries.

In 2002 researchers at the University
of Colorado at Boulder briefly exposed
worms to heat or to chemicals that in-
duced the production of free radicals,
showing that the environmental stress-
ors each boosted the worms’ ability to
survive larger insults later. The interven-
tions also increased the worms’ life ex-
pectancy by 20 percent. It is unclear how

these interventions affected overall levels
of oxidative damage, however, because
the investigators did not assess these
changes. In 2010 researchers at the Uni-
versity of California, San Francisco, and
Pohang University of Science and Tech-
nology in South Korea reported in Cur-
rent Biology that some free radicals turn
on a gene called HIF-I that is itself respon-
sible for activating a number of genes in-
volved in cellular repair, including one
that helps to repair mutated DNA.

Free radicals may also explain in part
why exercise is beneficial. For years re-
searchers assumed that exercise was good
in spite of the fact that it produces free
radicals, not because of it. Yet in a 2009
study published in the Proceedings of the
National Academy of Sciences USA, Mi-
chael Ristow, a nutrition professor at the
Friedrich Schiller University of Jena in
Germany, and his colleagues compared
the physiological profiles of exercisers
who took antioxidants with exercisers
who did not. Echoing Richardson’s results
in mice, Ristow found that the exercisers
who did not pop vitamins were healthier
than those who did; among other things,
the unsupplemented athletes showed
fewer signs that they might develop type 2
diabetes. Research by Beth Levine, a mi-
crobiologist at the University of Texas
Southwestern Medical Center, has shown
that exercise also ramps up a biological
process called autophagy, in which cells
recycle worn-out bits of proteins and oth-
er subcellular pieces. The tool used to di-
gest and disassemble the old molecules:
free radicals. Just to complicate matters a
bit, however, Levine’s research indicates
that autophagy also reduces the overall
level of free radicals, suggesting that the
types and amounts of free radicals in dif-
ferent parts of the cell may play various
roles, depending on the circumstances.

THE ANTIOXIDANT MYTH
IF FREE RADICALS are not always bad, then
their antidotes, antioxidants, may not al-
ways be good—a worrisome possibility
given that 52 percent of Americans take
considerable doses of antioxidants daily,
such as vitamin E and beta-carotene, in
the form of multivitamin supplements. In
2007 the Journal of the American Medical
Association published a systematic review
of 68 clinical trials, which concluded that
antioxidant supplements do not reduce
risk of death. When the authors limited

their review to the trials that were least
likely to be affected by bias—those in
which assignment of participants to their
research arms was clearly random and
neither investigators nor participants
knew who was getting what pill, for in-
stance—they found that certain antioxi-
dants were linked to an increased risk of
death, in some cases by up to 16 percent.

Several U.S. organizations, including
the American Heart Association and the
American Diabetes Association, now ad-
vise that people should not take antioxi-
dant supplements except to treat a diag-
nosed vitamin deficiency. “The literature
is providing growing evidence that these
supplements—in particular, at high dos-
es—do not necessarily have the beneficial
effects that they have been thought to,”
says Demetrius Albanes, a senior investi-
gator at the Nutritional Epidemiology
Branch of the National Cancer Institute.
Instead, he says, “we’ve become acutely
aware of potential downsides.”

It is hard to imagine, however, that an-
tioxidants will ever fall out of favor com-
pletely—or that most researchers who
study aging will become truly comfort-
able with the idea of beneficial free radi-
cals without a lot more proof. Yet slowly, it
seems, the evidence is beginning to sug-
gest that aging is far more intricate and
complex than Harman imagined it to be
nearly 60 years ago. Gems, for one, be-
lieves the evidence points to a new theory
in which aging stems from the overactivi-
ty of certain biological processes involved
in growth and reproduction. But no mat-
ter what idea (or ideas) scientists settle
on, moving forward, “the constant drill-
ing away of scientists at the facts is shift-
ing the field into a slightly stranger, but a
bit more real, place,” Gems says. “It’s an
amazing breath of fresh air.”

MORE TO EXPLORE
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Automated-sensor networks monitor much of our
environment, but some data collection in the digital
age still requires the efforts and close analyses of pha-
lanxes of context-sensitive human beings who can
help solve problems of scale.

TR
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IN BRIEF

A field called citizen science, which involves public
participation in research, marshals laypeople’s obser-
vations, often by way of high-tech consumer devices
and machines.

Based at the Cornell Lab of Ornithology, in collabo-

ration with the National Audubon Society, eBird is
one of the most mature such efforts. It and its ilk have
yielded academic-caliber results in astronomy, com-
puter science and public health, while giving skilled
amateurs more opportunities to contribute.



- CITIZEN SCIENCE

A modest effort to enlist amateur bird-watchers in the

cause of ornithology wound up producing a fire hose of
data and helping rewrite the rules of science

By Hillary Rosner
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N THE 230-ACRE FOREST BEYOND STEVE KELLING'S WALL-TO-WALL OFFICE WINDOWS, 50 SPECIES OF
migratory birds—warbling vireos, rose-breasted grosbeaks, cedar waxwings—have arrived
overnight. On this early May afternoon their calls ring through the forest in a giant song-
bird mash-up. How Kelling, or anyone here at the Cornell Lab of Ornithology in Ithaca,

N.Y., can concentrate on work is a mystery.

Of course, the scene beyond the window is the work. Kelling
pulls up an animated map on his laptop. It is the U.S., etched in
white against a black background. A bar below the map shows
the passage of time, a year in total. At first, nothing happens.
Suddenly, around April, a burst of orange appears in southern
California. It spreads like flames to the north and east, until the
entire western third of the country is ablaze, glowing and flicker-
ing in various shades of orange and white. Then it reverses, the
color vanishing from north to south, until, by November, the
whole map is dark again. We have just watched the annual mi-
gration of the western tanager.

More than 300 species now have their own migration maps,
generated with data collected by eBird, the 10-year-old citizen
science project that Kelling oversees as director of information
science at the lab. In a recent month roughly 11,000 bird-watch-
ers uploaded more than three million sightings to eBird’s data-
base, which now contains more than 110 million records. Some
90,000 people have participated overall, and the number of rec-
ords is growing by about 40 percent every year.

Birders are known for their compulsive commitment to and
meticulous habits in recording their observations. Yet until re-
cently, sharing them has taken place haphazardly and largely
apart from the work of scientists. That is changing. Kelling and
his colleagues are pioneers in the emerging world of citizen sci-
ence. Technology—Wi-Fi, smartphones, processing capability—
has revolutionized what science can do with ordinary people’s
data, enabling a standing army of amateurs eager to participate
in real research.

Ornithologists are not the only ones benefiting. Scientists
from fields as diverse as ecology, anthropology and public health
have begun to take advantage of the link that technology has giv-
en them to regular people willing to work for the simple joy of
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participating—or the payoff of results. (The data from eBird
alone have spawned research on topics from climate science to
artificial intelligence.) So far citizen scientists have discovered
unknown galaxies, determined elusive protein structures, and
gathered evidence needed by land managers to help protect for-
ests and watersheds. The results from eBird—perhaps the best-
known citizen science venture—show how valuable public in-
volvement can be to a specific area of research.

Cumulatively, however, the spread of citizen science may
amount to something much larger, signaling a shift in the way
scientists and the public think about the enterprise of science. A
new age of participatory science is taking shape at the exact mo-
ment when society may need it most—as we cope with complex
problems such as climate change that require both copious data
and an engaged citizenry. “Some of our biggest conservation, sci-
entific and social challenges,” says Abe Miller-Rushing, science
coordinator at Acadia National Park in Maine, “can’t be ad-
dressed without it.”

BACK TO THE ROOTS

FOR STEVEN MLODINOW, an avid birder and family practice physi-
cian based in Longmont, Colo., participating in eBird makes him
feel a bit like a modern-day Linnaeus, the 18th-century Swede
who is considered the father of modern taxonomy. “If you go way
back,” Mlodinow says, “naturalists were all untrained, and sci-
ence was largely driven by people who were self-trained or mini-
mally trained at universities. So as a doctor, I feel like I've gone
back to, say, 18th-century Britain.”

Since the dawn of human expression, people have observed the
world around them and recorded what they saw. Amateurs have
always participated in science. Thomas Jefferson collected 50
years of weather data; Henry David Thoreau assiduously record-
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Powerful Public Data

This still shot from an animated forecast of the year-round, migratory behavior of the willow flycatcher
population relies on a predictive model fed with data collected by eBird volunteers. Such animated
migration maps have yielded biological insights about more than 300 U.S. species. Maps for Canada,
Central America and South America are in the offing. The photograph at the right shows a flycatcher.

Probability of occurrence
e ———

39 49

ed plants’ flowering times in his local woods. Some of science’s big-
gest breakthroughs were done by people with little to no formal
training in their field—Nikola Tesla, Srinivasa Ramanujan, Isaac
Newton, Charles Darwin.

Meteorology may be the clearest example. Back in the 1840s,
the first secretary of the Smithsonian Institution envisioned a
network of volunteer weather stations. The project swallowed a
sizable portion of the institution’s budget and at times had 600
participants. The telegraph helped volunteers share the nearly
half a million observations gathered annually. Government agen-
cies eventually stepped in, but a nationwide network of coopera-
tive weather stations persists today. It hatched discoveries about
weather patterns, annual snowfall, plant hardiness and the im-
portance of topography. It also made possible the drought moni-
tor maps we still depend on.

Input from volunteers constitutes “the majority of what we
know about climate in the past,” said Nolan Doesken, Colorado’s
state climatologist, during a recent presentation. “To put it in
proper historical perspective, we need that baseline.”

Ornithology is another natural fit for amateurs. Birders, after
all, are already primed to collect data; they have been doing it for

RESULTS

centuries. Lighthouse keepers, for one, kept detailed records of
birds they saw. The National Audubon Society’s Christmas Bird
Count has been around for more than 110 years. When eBird first
launched in 2002, its leaders had a simple, one-way notion in
mind: How could birders amass data so that they would be useful
to scientists? Despite the fact that researchers have built large-
scale automated-sensor networks all over the world to monitor
virtually every aspect of our environment (atmospheric carbon,
stream flows, rainfall, nitrogen pollution), some data collection
still requires humans. “There are no autonomous sensors that
can identify birds—or any organism, for that matter,” Kelling
says. “So what you have to do is replace those autonomous sen-
sors with a type of sensor that can make the right kind of deci-
sions and observations.” In other words, an actual person—in the
eBird case, the kind who is obsessed with finding, watching,
counting and bragging about birds.

The project quickly hit a wall, however. Birders were enter-
ing around 50,000 records each month, too little to be useful,
and that number would not budge. “After two and a half years,”
Kelling recalls, “we recognized that we were failing. We needed
somebody from the birding community to champion us.” The
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lab hired two experienced birders to oversee the project (and
later added a third).

The key, the team quickly realized, was ensuring that birders
got something out of the arrangement, too. The eBird scientists
wanted data that could help with conservation. Yet that was not
enough to motivate the bird-watchers, who had to spend extra
time learning the database, changing their note-taking habits
and uploading records. The new project leaders also pondered
what tools bird-watchers would love.

Bird-watching is ultimately a form of list keeping. So, to at-
tract the community, says Chris Wood, one of the project leaders,
eBird would have to offer new and better things to do with those
lists: organizing them, sharing them, using them as the basis for
(mostly) friendly competition. Today eBird is almost like Face-
book for birders, a social network they can use to track and
broadcast their birding lives. The eBird database, as well as an
associated smartphone app, lets birders organize everything
from their life lists—all the species they have ever seen—to the
number of times they have seen a particular species, to lists of
what they have seen at favorite spots. Just as important, they can
see everyone else’s lists—then try their damnedest to outdo them.
When Mlodinow saw two least flycatchers at an eastern Colorado
grassland, he could quickly see that his was the earliest sighting
of the bird that spring. “Yes, we got the record!” he exclaimed.

BEYOND BIRDS

How to Get Involved

If you would rather skip the Ph.D. and dive right into assisting
with academic-caliber scientific research, here are a few
resources to help find a citizen science project suited to your
skills and interests.

ZOONIVERSE: Join hundreds of thousands of people who

are participating in science projects on topics such as discerning
signs of exoplanets in light-curve changes and describing
digitized 19th-century piano scores. www.zooniverse.org

SCIENTIFIC AMERICAN’S CITIZEN SCIENCE
PROJECTS PAGE: More than 100 mostly free projects are
indexed and described on this mini site, which is updated
weekly. Projects can be sorted by cost to participate and type
of work: observation, questionnaire, fieldwork or data
processing. www.scientificamerican.com/citizen-science

AMERICAN GUT PROIJECT: It’s not free or pretty, but you
can take part at various price points, including an option

that provides a stool, skin or oral sample collection kit. Simply
put, participants help scientists characterize the microbial
diversity of the American public and ascertain the impact

of diet. www.indiegogo.com/americangut

CITIZEN SCIENCE CENTRAL: It’s hardly all about birds
at the Cornell Lab of Ornithology. This portfolio of more
than 140 projects can be browsed by categories such as
water quality, weather and astronomy.
www.birds.cornell.edu/citscitoolkit
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“It’s hard to overestimate what a powerful motivating effect
those games can have,” Wood says later.

Sitting in a conference room at the Cornell Lab—more wall-
to-wall windows on the chattering forest—Wood pulls up the re-
cords for a county in southwestern Kansas. “You can see who has
submitted the most checklists and seen the most species,” he
says. Kelling, who has been sitting quietly at the far end of the ta-
ble, suddenly pipes up:

“I'm the highest list in Tompkins County,” he boasts.
“No, he’s not!” Wood tells me, grinning. “He thinks he is.”

Still, eBird is not all fun and bird games. Citizen science
comes with serious challenges, perhaps the biggest of which is
how to ensure that data are trustworthy. One way eBird’s lead-
ers help to maintain data quality is by relying on birders to serve
as regional experts. In Colorado, Mlodinow and two other bird-
ers—science teacher Bill Schmoker and wildlife monitor Chris-
tian Nunes—spend hours every week uploading their observa-
tions and vetting others’ records. They look at any data the sys-
tem flags as questionable, up to 8 percent of the three million
records entered each month. Their work helps to keep the re-
cords as accurate as possible. (It also trains algorithms to weight
different contributors’ records based on their level of expertise.)

These efforts seem to be bearing fruit. The eBird data are hold-
ing up and are beginning to have an impact on public policy. By
overlaying eBird distribution data on U.S. public lands maps, re-
searchers have determined which threatened or endangered
birds occur on which federal agency’s land at which time of year—
knowledge the agencies use to determine budget priorities.

A new project using eBird data, known as BirdCast, issues
migration forecasts—imagine a weather report that predicts
flocks of Baltimore orioles instead of thunderstorms. “The cool
thing about Doppler radar,” Kelling says, “is it doesn’t care what
it bounces off of—bugs, smoke, birds.” He pulls up a familiar-
looking radar image of moving clouds. But he is watching some-
thing else: not the blue of the storm cells but smaller green ar-
eas—flocks of birds flying through the night. By combining
eBird data with radar images, weather information and comput-
er models, BirdCast will soon be able to generate weekly migra-
tion predictions for any area of the country. (Currently the lab is-
sues weekly forecasts during spring and fall migration periods,
as well as special reports for unusual events such as superstorm
Sandy.) These reports, Kelling says, could prompt cities to turn
off their downtown lights or wind farms to shut off their tur-
bines on nights when thousands of birds are passing overhead.

Citizen science projects of all stripes are generating research
with practical applications. LIMPETS, a long-term monitoring
program on the California coast, relies on students and teachers
to gather data that will help direct cleanups after an oil spill or
other coastal contamination. The Wisconsin Department of Nat-
ural Resources draws on citizens to keep tabs on local air, water
and wildlife. Across the globe in the African Sahel, the Meningi-
tis Weather Project, run by the University Corporation for Atmo-
spheric Research, used villagers’ observations of local weather
patterns to predict the onset of the rainy season, when meningi-
tis risk drops dramatically and vaccinations become unneces-
sary; the project helps to extend the vaccine supply.

Beyond aiding public policy, citizen science solves a problem
of scale. Scientists cannot be everywhere at once, a fact that has



left us with what Arfon Smith, director of citizen science at Chi-
cago’s Adler Planetarium, calls “fogs of ignorance”—points on a
map where we have almost no historical data on phenomena
such as weather events or biodiversity. Expanding the number of
people observing the world, whether flowers or stars or toxins,
improves our capacity to understand it.

A NEW FIELD OF SCIENCE

ON A SWELTERING AUGUST weekend in Portland, nearly 300 people
packed a room at the Oregon Convention Center for the Confer-
ence on Public Participation in Scientific Research. Over two
days participants showcased their projects, introduced databas-
es and other practical tools, chronicled the historical contribu-
tions of amateurs, and made the case that public participation in
science could be an engine for change. The conference conclud-
ed with a massive brainstorming session about what exactly citi-
zen science would look like as a formalized field—with a profes-
sional organization, annual meetings and a journal.

Miller-Rushing from Acadia and two researchers from the
Cornell Lab, Rick Bonney and Jennifer Shirk, hatched the con-
ference idea over dinner one night. In 2006 the lab received Na-
tional Science Foundation funds to develop best practices for cit-
izen science. Now the lab is the field’s de facto headquarters.
Bonney is credited with coining the term “citizen science” in the
1990s; Shirk, curious why scientists would undertake these proj-
ects given the professional risk and potential for logistical head-
aches, is studying the field for her Ph.D.

One reason they are pushing to create an official discipline is
to trade ideas across far-flung research areas: ecology, astronomy,
computer science, epidemiology. The scientists of citizen science
need a forum, Shirk says, “to get together and say, ‘Here’s what
I'm doing, here’s what we're struggling with. ” Researchers could
draw from one another’s success or failure with such tasks as re-
cruiting volunteers or coping with a crushing amount of data.

For public participation in scientific research to become its
own field, it will have to solve some challenges. For one, how do
you knit together the vastly different goals and project types? Re-
searchers have tried to catalogue projects, but at a fundamental
level citizen science projects fall into two categories: those where
the public directly serves the scientists and those where the sci-
entists directly serve the public. (The two groups are not mutual-
ly exclusive; having better data on animal migrations or droughts
or molecular structures arguably also serves the public.)

Galaxy Zoo, home to some of the world’s best astronomical
information, began with a group of postdoctoral researchers
drowning in downloads from the Sloan Digital Sky Survey. Gal-
axy Zoo now includes images from the Hubble Space Telescope
and has spawned a family of online citizen science projects
called Zooniverse, in which volunteers help to make sense of
data. Zooniverse’s nearly 720,000 participants transcribe weath-
er observations from World War I warships, identify species in
photographs from the seafloor and categorize whale calls. The
scientists benefit from all these projects. At the other end of the
spectrum, researchers participating in University College Lon-
don’s new Extreme Citizen Science (ExCiteS) group are helping
marginalized communities empower themselves through sci-
ence. In a recent project, residents of one blighted London
neighborhood collected more than 1,100 noise samples, using
decibel monitors, to show that a nearby scrap yard was deafen-

ing. The university’s geographic information system (GIS) ex-
perts turned the data into a neighborhood noise map, which
was instrumental in convincing local officials to regulate the
scrap yard’s volume.

Such community-based projects turn science into a social en-
deavor. At the Portland conference, one participant spoke of “in-
corporating multiple kinds of knowledge”—information from in-
digenous communities, local hunters, or other people with tradi-
tional learning or a deep sense of place. That concept may be
hard for some scientists to stomach.

Muki Haklay, co-director of ExCiteS, believes it is time to
evolve. Researchers need to think of citizen science as simply “a
different way of producing scientific knowledge,” he says. When
the London neighborhood measured noise levels, for instance,
Haklay says that he did not present the results as the final scien-
tific conclusion. He merely passed them on to local authorities
as evidence that they needed to come take a look. “You make a
claim for what it’s worth and how it’s relevant to people’s life,”
he notes.

One of citizen science’s most important contributions may
ultimately be to spread scientific literacy by giving laypeople di-
rect contact with the process of science. “I really like the idea,”
Smith says, “of increasing an understanding of the scientific
method, involving people in the nitty-gritty of science. If you
can see more of the actual process and get exposure to more
parts of the scientific work flow, then that’s going to be good.”

Whether it is learning the difference between elliptical and
spiral galaxies, discovering how a protein’s structure determines
its function, helping to count wildlife or deciphering the chemi-
cal composition of a local stream, the act of directly engaging
with science can be transformative. At the Portland conference,
Wallace J. Nichols, a marine biologist known for his work pro-
tecting sea turtles, produced a tangible ripple of excitement in
the room when he compared citizen scientists to sea star arms
that break off, float away and form new organisms. “You never
know what they’re going to do,” Nichols said.

One sunny afternoon last spring, out for a tour of a Colorado
birding hotspot with eBird’s Mlodinow, Schmoker and Nunes, I
asked why they devote so much time to the project. I wondered if
they were just do-gooders or if they felt some kind of responsibil-
ity to eBird now that it had given them handy new tools. “For a
lot of serious birders,” Mlodinow replied, “the scientific part of it
is of note. We're frequently trying to dissect subspecies, to figure
out what the ranges of subspecies are—which isn’t really known,
especially during migration. I think, in the long run, this will
change our understanding of where subspecies are distributed.”
Spoken like a true scientist.

MORE TO EXPLORE
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Skeptlc by Michael Shermer

Viewing the world with a rational eye

The L'eft’s"Wahr
on Science

How politics distorts science
on both ends of the spectrum

Believe it or not—and I suspect most readers will not—there’s a
liberal war on science. Say what?

We are well aware of the Republican war on science from the
eponymous 2006 book (Basic Books) by Chris Mooney, and I
have castigated conservatives myself in my 2006 book Why Dar-
win Matters (Henry Holt) for their erroneous belief that the the-
ory of evolution leads to a breakdown of morality. A 2012 Gallup
poll found that “58 percent of Republicans believe that God cre-
ated humans in their present form within the last 10,000 years,”
compared with 41 percent of Democrats. A 2011 survey by the
Public Religion Research Institute found that 81 percent of Dem-
ocrats but only 49 percent of Republicans believe that Earth is
getting warmer. Many conservatives seem to grant early-stage
embryos a moral standing that is higher than that of adults suf-
fering from debilitating diseases potentially curable through
stem cells. And most recently, Missouri Republican senatorial
candidate Todd Akin gaffed on the ability of women’s bodies to
avoid pregnancy in the event of a “legitimate rape.” It gets worse.

The left’s war on science begins with the stats cited above: 41
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percent of Democrats are young Earth creationists, and 19 per-
cent doubt that Earth is getting warmer. These numbers do not
exactly bolster the common belief that liberals are the people of
the science book. In addition, consider “cognitive creationists™—
whom I define as those who accept the theory of evolution for the
human body but not the brain. As Harvard University psycholo-
gist Steven Pinker documents in his 2002 book 7%he Blank Slate
(Viking), belief in the mind as a tabula rasa shaped almost entire-
ly by culture has been mostly the mantra of liberal intellectuals,
who in the 1980s and 1990s led an all-out assault against evolu-
tionary psychology via such Orwellian-named far-left groups as
Science for the People, for proffering the now uncontroversial
idea that human thought and behavior are at least partially the
result of our evolutionary past.

There is more, and recent, antiscience fare from far-left pro-
gressives, documented in the 2012 book Science Left Behind
(PublicAffairs) by science journalists Alex B. Berezow and Hank
Campbell, who note that “if it is true that conservatives have
declared a war on science, then progressives have declared
Armageddon.” On energy issues, for example, the authors con-
tend that progressive liberals tend to be antinuclear because of
the waste-disposal problem, anti-fossil fuels because of global
warming, antihydroelectric because dams disrupt river ecosys-
tems, and anti-wind power because of avian fatalities. The
underlying current is “everything natural is good” and “every-
thing unnatural is bad.”

Whereas conservatives obsess over the purity and sanctity of
sex, the left’s sacred values seem fixated on the environment,
leading to an almost religious fervor over the purity and sanctity
of air, water and especially food. Try having a conversation with
a liberal progressive about GMOs—genetically modified organ-
isms—in which the words “Monsanto” and “profit” are not
dropped like syllogistic bombs. Comedian Bill Maher, for exam-
ple, on his HBO Real Time show on October 19, 2012, asked
Stonyfield Farm CEO Gary Hirshberg if he would rate Monsanto
as a 10 (“evil”) or an 11 (“f—ing evil”)? The fact is that we’ve been
genetically modifying organisms for 10,000 years through breed-
ing and selection. It’s the only way to feed billions of people.

Surveys show that moderate liberals and conservatives em-
brace science roughly equally (varying across domains), which is
why scientists like E. O. Wilson and organizations like the Nation-
al Center for Science Education are reaching out to moderates in
both parties to rein in the extremists on evolution and climate
change. Pace Barry Goldwater, extremism in the defense of liber-
ty may not be a vice, but it is in defense of science, where facts
matter more than faith—whether it comes in a religious or secular
form—and where moderation in the pursuit of truth is a virtue.
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Anti GraVit_y by Steve Mirsky

The ongoing search for fundamental farces

Still Crazy after
All These Fears

The world will end,
but not for a long, long time

Congratulations, you survived the Mayan apocalypse. I knew you
could do it.

I had complete confidence that I would live past the alleged
planetary expiration date of December 21, 2012, provided I
didn’t get hit by a bus or slip in the bathtub. But those modes of
demise are, of course, far less tantalizing than some end-of-the
world fantasy dreamed up by amateur archaeologists and
sucked down by people who perhaps never worry that they
have undiagnosed hypertension or that the highway bridge
they cross daily hasn’t been properly maintained.

So many people heard so much dumb stuff about the world
ending that official government agencies went out of their way
to calm down small segments of their populations.

According to the New York Times, Russia’s minister of emer-
gency situations assured his people that their Earth-monitoring
technology (satellites and seismographs?) showed no existen-
tial threats to the planet. He then correctly reminded them that
they were still under threat from “blizzards, ice storms, torna-
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does, floods, trouble with transportation and food supply, break-
downs in heat, electricity and water supply.”

In an attempt to stanch this minor madness, the U.S. gov-
ernment issued a blog post reassuring the populace that the
world would continue on schedule. The blog quotes NASA scien-
tist David Morrison: “At least once a week I get a message from
a young person—as young as 11—who says they are ill and/or
contemplating suicide because of the coming doomsday.” Little
kids can get really spooked by stray talk from parents and other
elders who may seriously contemplate the reality of the end of
the world while never musing over how they’re going to finan-
cially survive their years of retirement.

By the way, the governmental blog notes that “the world will
not end on December 21, 2012, or any day in 2012.” Way to com-
mit to another 10 days of assured existence.

Meanwhile Australian prime minister Julia Gillard showed
that she is a force to be reckoned with on the world stage. In a
stone-faced video performance worthy of Buster Keaton or
even Nicole Kidman, she says, “My dear remaining fellow Aus-
tralians, the end of the world is coming. It wasn’t Y2K. It wasn’t
even the carbon price. It turns out that the Mayan calendar is
true.... Whether the final blow comes from flesh-eating zom-
bies, demonic hell beasts or from the total triumph of K-pop
[for Korean pop music; also see “PSY”], if you know one thing
about me, it is this: I will always fight for you to the very end.
And at least this means I won’t have to do Q&A again. Good
luck to you all.”

Take a moment and imagine the reactions from various
quarters if an American president had summoned the spirit to
joke like that on television. At the very least, there would have
been a run on bread, milk and batteries.

Most people have already probably forgotten the exciting
end-of-the-world action of 2011, when May 21 was supposed to
be “Rapture and Judgment Day,” according to radio evange-
list Harold Camping. I live in New York City, so I'm used to see-
ing the representatives of doomsday cults—why, on any given
day you can still spot people wearing Mets caps. But even here
in Sodom and Gomorrah, dozens of mostly young women
were wandering around last year with “May 21st Judgment
Day” signs.

I passed the same group of women a few days in a row in the
long, low tunnel connecting Grand Central’s East Side IRT sub-
way trains with the shuttle to Times Square. Having poor self-
control, I finally said to one, “You’ll be here on the 22nd.” And
lo, she looked as if she were wont to smite me. Still, I hope her
Christmas was joyous in 2012 and that her existential threat
load is low in 2013. Same to you.
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Smug
Prosperity

“U.S. citizens—
known for their
material prosperity and a certain smug
contentment in it—may be surprised to
learn that samplings of public opinion
in West Germany, Brazil and Cuba have
shown that the peoples of these coun-
tries are even more buoyant about their
recent progress and more hopeful of
the future. Americans may be chastened
as well to learn that these peoples also
identify their personal wellbeing more
closely with the fortunes of their coun-
tries. These very general statements
represent the first findings of an experi-
mental effort to develop a technique
for making comparative studies, across
national boundaries, of the concerns
and aspirations of people around the
world. —Hadley Cantril”
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Death of Scott
“In the desolate, icy
waste of an unexplored
Antarctic country

= Capt. Robert Falcon
Scott gave up his life, after having
reached the South Pole. He died a true
hero of science. There was no buried
treasure to seek in those untrodden
southern snows—nothing but ever-
lasting fame. Only those who are
engaged in scientific research can under-
stand the ideals of a man who willingly
cuts himself off from the world for a
period of three years and perishes in a
blizzard—for what? For meteorological
information, for geological data, for light
on the fauna and flora of a cold, white,
silent land that will probably never be
peopled, in a word, for things that are
infinitely removed from gold hunting.”

Paintings at Altamira
“Why should the primitive artists
of the paleolithic paintings at Altamira
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have chosen to decorate the darker
recesses of their dwellings, rather than
practice their art where the light of the
sun would have helped them? It seems
probable that the paintings were made
not for the love of beauty, or to ‘show
the hand’ of paleolithic Giottos, but
with strictly business aims. They were,
in fact, primitive pot-boilers, done to
supply the larder with material. One
hypothesis is that the paleolithic man
of Southern Gaul and Northern Spain
believed in his own paintings of deer,
boars, aurochs, horses (considered good
eating) and mammoths as potent to
attract the animals themselves.”

Airplane Stability

“The most recent machine having auto-
matic stability is the Drzewiecki follow-
ing-surface monoplane [see illustration],
which was exhibited at the last Paris
Salon. This machine is of the Langley
type. Its chief point of interest is that the
wings are set at a 3-degree difference.
The result is the production of righting
forces that counteract diving and keep
the machine on an even Kkeel. The
machine was designed as the result of
experiments made in the Eiffel aerody-
namic laboratory.”

See a slide show of aviation in 1913 at
www.ScientificAmerican.com/
feb2013/aviation
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= _ _ Shocking
W Statistics

“The suicides in
France now average
ten a day. Not a day passes in which a sui-
cide may not be directly traced to want
of success in life; to the false moralities
inculcated by wicked or ignorant writers;
to the failure of parents in obtaining a
proper influence over their children; and
to unrestrained appetites and passions.”

Good Eats in Iceland

“In Iceland daily food consists chiefly of
raw, dried stockfish and ‘skier.’ The latter
dish is milk allowed to become acid and
coagulate, and then hung up in a bag till
the whey runs off. In this form it is both
nutritive and wholesome, being more
easily digested than sweet milk. To those
who take to it, it is light, palatable, and
delightfully cooling. Milk is prepared in
this way by Shetlanders, who, in the first
stage, call it ‘run milk,” and when made
into skier, ‘hung milk.’ Our idea, that
milk is useless and hurtful when sour,

is merely an ignorant prejudice. Those
who depend for their subsistence chiefly
on amilk diet prefer to use it sour, and
medical authority endorses their choice.”

STABLE AIRPLANE DESIGN: The gifted Polish inventor Stefan D. Drzewiecki
was known for his work on propellers, submarines and this interesting airplane, 1913
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Graphic Science

Rising
Risks

A survey of leaders shows
growing concern over
consequences of science
and technology

The economy has dominated the head-
lines for years, but unforeseen conse-
quences of life sciences and climate change
mitigation are also beginning to weigh
heavily on people’s minds. The World Eco-
nomic Forum experts and industry lead-
ers have gauged the likelihood and poten-
tial impact of 50 risks of global significance
(the 2013 Global Risks Report came out
in January). We have arranged each risk
according to how much views have
changed in the past year (with the biggest
combined increase in estimated likelihood
and potential impact at the upper left of
the page); orange shading highlights sci-
ence and technology concerns. Population,
species loss, weapons of mass destruction,
pollution and information technology fig-
ure prominently. Climate change, includ-
ing worries over greenhouse gas emissions
and adaptation, also factor in significantly.

—Fred Guterl

SCIENTIFIC AMERICAN ONLINE
For an interactive version of the report, see
ScientificAmerican.com/feb2013/graphic-science
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