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Bright Horizons8
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w w w . I n S i g h t C r u i s e s . c o m / S c i A m 8

October 28th – November 6th, 2010

SAVONA

Malaga

Valencia

Barcelona

Lisbon

Cadiz

Casablanca

SEEK OUT UNCHARTED TERRITORY AND REVISIT CLASSIC SCIENCE 
in a Western Mediterranean whirl on Bright Horizons 8. Join a 
cadre of experts who share critical traits — juggling the pragmatic 
and the possible, driven to challenge the status quo. Foster your 
need to know. Explore Iberia, where science went mainstream in 
medieval times. Venture into Casablanca with a companion, and 
chart the geometry of North Africa.

Gravitate to a new understanding of magnetism’s role in terrestrial and 
scienti� c exploration. Absorb the cultural importance of space exploration and 
implications of our new comprehension of space and time. Ponder nature’s 
preference for matter over antimatter, and the superlatives of CERN’s Large 
Hadron Collider. Practice mind over matter thinking  about the structure and 
function of the brain. Unfold the story behind the science with cutting edge, 
Nobel-grade ribosomal knowledge.

Carpe diem. Set a course beyond the obvious and gain insights and new 
angles into space exploration, neuroscience, particle physics, ribosomes, and 
magnetism. Join the Bright Horizons 8 community on Costa Cruises’ mv Magica 
October 28 – November 6, 2010. Plan now to share tapas with a friend, explore 
a Moroccan kasbah, and advance your science agenda. Get the details at 
InSightCruises.com/SciAm-8 or call Neil or Theresa at 650-787-5665.

THE AMA ZING BRAIN
Speaker: Jeanette J. Norden, Ph.D.

General Organization of the Central Nervous 
System — We begin with an introduction on how 
the central nervous system is divided into structural 
and functional areas. This knowledge will allow us 
to understand why after a stroke an individual might 
be blind, but not know it; why an individual might 
lose the ability to speak, but not to understand 
language; why an individual might be able to 
describe his wife’s face, but not be able to pick her 
out from a crowd.

Cellular and Molecular Organization of the 
Central Nervous System — In this session we 
will focus on the structure of individual neurons 
and on how neurons in the central nervous system 
are believed to be connected to each other by an 
estimated 100 trillion synapses. This understanding 
of the structure of individual neurons and on how 
neurons communicate with each other allows us to 
have insight into disorders as diverse as depression 
and multiple sclerosis.

Parkinson’s Disease and Other Disorders of 
the Motor System — Movement is a complex 
behavior controlled by a number of di� erent 
subsystems in the brain and spinal cord. Knowing 
what each of these subsys tems do to allow us to 
move will provide the knowledge necessary to 
understand the loss of normal motor movement 
in Parkinson’s disease, spinal cord injury, and other 
disorders of the motor system.

Alzheimer’s Disease — Alzheimer’s disease is 
the most common neurodegenerative disease in 
the United States. We will explore what is currently 
known about this devastating disorder, and about 
the speci� c areas of the brain which are a� ected. 
Next we discuss the risk factors associated with 
Alzheimer’s disease. Finally, we will end this lecture 
series with a discussion of what you can do to 
decrease your risk of getting this disease and on how 
to keep your brain healthy!

PARTICLE PHYSICS 
Speaker: James Gillies, Ph.D.

Particle Physics: Using Small Particles to 
Answer The Big Questions — Particle physics is 
the study of the smallest indivisible pieces of matter 
— and the forces that act between them. Join 
Dr. Gillies and catch up on the state of the art and 
challenges ahead as physicists continue a journey 
that started with Newton’s description of gravity. 
We’ll look at the masses of fundamental particles, 
dark matter, antimatter, and the nature of matter 
at the beginning time.

The Large Hadron Collider: the World’s Most 
Complex Machine — The LHC is a machine of 
superlatives — a triumph of human ingenuity, 
possibly the most complex machine ever built. 
James Gillies traces particle physics technologies 
from the invention of particle accelerators in 
the 1920s to today, and then focuses on the LHC 
itself. You’ll get a perspective on how these tools 
have allowed us to make phenomenal progress in 
understanding the Universe, and how they have 
revolutionized our everyday lives.

Angels, Demons, Black Holes, and Other 
Myths: Demystifying the LHC — Along with 
humankind’s natural curiosity comes a fear of the 
unknown. As LHC’s � rst beam day approached in 
2008, a handful of self-proclaimed experts struck up 
an end-of-the-world tune — and the whole world 
knew they were there. Like its predecessors, the 
Large Electron-Positron Collider (LEP) and Relativistic 
Heavy Ion Collider (RHIC), the LHC never posed the 
slightest risk to humanity. However, the dangerous 
scientist has always made for a good story and 
that’s something that Dan Brown exploited to the 
full when writing Angels and Demons. Dr. Gillies 
will cover the fact behind the � ction of Angels and 
Demons and black holes at the LHC, and share the 
behind-the-scenes on how CERN lived with the hype. CST# 2065380-40 
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ASTRONOMY 
Speaker: Steven Dick, Ph.D.

Life on Other Worlds — It’s a unique time in 
human history as we explore for life beyond Earth. 
Where do we stand in the search for life, both inside 
the solar system and beyond? And what would 
be the impact of the discovery of extraterrestrial 
intelligence on our society? Dr. Dick’s answers will 
beget more questions — get in on the discussion!

A Tour of the Universe: Astronomy’s Three 
Kingdoms — Our view of the universe has evolved 
over the last century, from a static anthropocentric 
cosmos a few thousand light years across to a 
dynamically evolving universe spanning billions 
of light years. We’ve discovered cosmic objects like 
pulsars, quasars, and black holes. Travel with Dr. Dick 
through billions of light years of space and time as 
we explore the discovery and classi� cation of objects 
in astronomy’s three kingdoms: the planets, the 
stars, and the galaxies.

Exploration, Discovery, and Culture: The 
Importance of the Space Age — Fifty years 
into the Space Age and 40 years after the Apollo 
program put 12 men on the Moon, exploration is at 
a turning point. Should humans return to the Moon 
and go to Mars? Are robotic emissaries enough? 
What motivates space§ ight? Should we spend 
money on space with so many problems on Earth? 
Join Dr. Dick in contemplation of the importance of 
exploration to culture.

Cosmic Evolution and Human Destiny — 
We now see the universe in the context of 13.7 billion 
years of cosmic evolution. What are the implications 
of this understanding of space and time in the short 
and long term? How does it a� ect our religions 
and philosophies? What is the long-term destiny of 
humans? Join us in a journey through science � ction, 
science fact, and scienti� c extrapolation as we 
ponder human destiny in a new context.

MAGNETS
Speaker: 
Michael Coey, Ph.D.

What the Ancients Knew — The mysterious 
behavior of lodestones — rocks naturally magnetized 
by lightning strikes — and their strange love for 
iron was known in ancient China, Greece, Sumer, and 
Mesoamerica. The directional property was used 
� rst for geomancy and then, a millennium later, for 
navigation. The great voyages of discovery of Africa 
by the Chinese and America by the Europeans all 
depended on the compass. The ancients dreamt of 
levitation and perpetual motion. So do we.

Science Rules the Earth: OK? — Robustly 
polemical, but insistently evidence-based, William 
Gilbert’s De Magnete (c. 1600) was the � rst modern 
scienti� c text. His insight that the Earth was a great 
magnet and insistence that data trumps speculation 
led to the heroic magnetic crusade of the 1830s, 
an understanding of how the Earth moves by plate 
tectonics, sunspots, and a way to date pottery. Join 
Dr. Coey and learn how science trumped charlatans 
with the truth and predictive power of their “magic”.

The End of an Aether — The modern world 
began in 1820, when Hans-Christian Oersted stumbled 
on the connection between electricity and magne-
tism. The news spread like wild� re across Europe 
as electromagnetism spawned motors and generators, 
electric trains and mains power, telegraphs, radio 
and magnetic recording — all before 1900. If 
Maxwell’s equations were the greatest intellectual 
achievement of the century, the origin of magnetism 
was one of its greatest puzzles — a puzzle that 
could only be understood with relativity, quantum 
mechanics, and Dirac’s electrons with spin. 

Billions of Magnets for Billions of People: 
How and Why — When the magnet shape barrier 
was shattered in 1950, the technology that serves 
our modern lives could emerge. Tune in and learn 
about the small, powerful rare-earth magnets that 
power countless gadgets and one of the greatest 
modern scienti� c miracles — magnetic recording. 
Why and how have magnets have multiplied a 
billion-fold? Is it true that today we now make more 
magnets than we grow grains of rice? Dr. Coey will 
give you the answers to these questions, plus those 
to questions you hadn’t even pondered.

October 26, 10am–4pm — From the tiniest 
constituents of matter to the immensity of the 
cosmos, discover the wonders of science and 
technology at CERN. Join Bright Horizons for a private 
pre-cruise, custom, full-day tour of this iconic facility.

Whether you lean toward concept or application 
there’s much to pique your curiosity. Discover the 
excitement of fundamental research and get a 
behind-the-scenes, insider’s look of the world’s 
largest particle physics laboratory.

This trip is limited to 50 people. For questions 
and hotel pricing, please contact Neil or Theresa, 
or give us a call at (650) 787-5667.

Our full day will be led by a CERN o«  cial and physicist. 
We’ll have an orientation; visit an accelerator and 
experiment; get a sense of the mechanics of the 
large hadron collider (LHC); make a refueling stop 
for lunch in the Globe of Science and Innovation; 
and have time to peruse exhibits and media on the 
history of CERN and the nature of its work.

To take advantage of this unrivaled insider access 
to CERN, rendezvous on October 26, 2010 in Geneva, 
Switzerland. The price is $175 and includes
• Entrance to CERN       • Lunch at CERN
•  A round-trip transfer from our Geneva hotel to CERN
•  And then the following day, October 27, the 

transfer from our hotel to Genoa, Italy.

Private, Insider’s Tour of CERN

RIBOSOMES
Speaker: Ada Yonath, Ph.D. (2009 Nobel Laureate)

Introduction to Ribosomes and Their 
In� uence on Life Processes — Proteins are 
vitally important to just about every imaginable 
aspect of living. They form the body’s structures 
and are involved in all of life’s processes in all living 
organisms. You’ll earn the basics of these cellular 
nanomachines’ function from translating the genomic 
amino acid sequences to protein folding. You’ll also 
learn about the function of ribosomes in animal 
hibernation and the implications for human health.

Evolution and the Role of Ribosomes One 
Billion Years Ago — Ribosomes function almost 
identically in all living cells, and consequently 
they don’t di� er much between species. Careful 
analysis has revealed — deep within contemporary 
ribosomes — a region that appears be a remnant 
from the earliest days of life on Earth, even before 
protein biosynthesis. Current studies of this ancient 
vestige have shed light on feasible life-advancement 
pathways and are having an impact on our 
understanding of the earliest days of evolution.

Ribosome Architecture — The striking architec-
ture of the ribosome is ingeniously composed as the 
framework for its unique capabilities: precise gene 
decoding; peptide bond formation; and polymerase 
activity. Adding together architectural, biochemical, 

kinetic, and genetic � ndings about this “protein 
factory”, it now appears that the ribosome’s § exibility 
not only relates to protein synthesis, but may also be 
connected to communication between the ribosome 
and cellular components. Dr. Yonath will brief 
you on the cutting edge of ribosomal science and 
the unfolding implications for cellular regulation, 
infectious disease, and cancers.

Antibiotics and Ribosomes — Get a behind-
the-scenes look at the David-versus-Goliath world 
of ribosome-related antibiotics with Dr. Yonath, 
from how they work and what works in speci� c 
sorts of bacteria, to what makes bacteria susceptible 
and how bacteria become resistant to antibiotics. 
Add this vital information to your store of knowledge 
for understanding current public healthcare issues 
and medical decision making.

Cruise prices vary from $969 for an Inside 
Stateroom to $2,829 for a Full Suite, per person. 
For those attending our program, there is a 
$1,375 fee. Government taxes, port fees, and 
InSight Cruises’ service charge are $270 per 
person. For more info contact Neil at 
650-787-5665 or neil@InSightCruises.com
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Hamamatsu's Swim Stroke Watcher™

Up until now, stopwatches and replayed videos 

were the only tools a coach could use to assess a 

swimmer's performance. Finally, that's changed...

     Hamamatsu's unique Swim Stroke Watcher uses 

video cameras and advanced image processing 

technology to 

automatically 

measure the 

length, time 

and rate 

of every 

stroke—

of every swimmer simultaneously. All in real time.

     Taking years to develop, this ingenious system 

can accommodate for water splash and different 

lighting conditions. And it can precisely track 

swimmers at varying distances from the cameras. 

     Plus, the system can be moved easily from one

 pool to another, and its electronic data can be 

transmitted around 

the world instantly. 

     So coaches and 

sports physiologists 

will now have much 

more precise data for 

analyzing swimming 

performance, not just for competitive athletes 

but also for amateur swimmers, young and old.  

     Because Hamamatsu's goal is to help everyone 

who loves the sport to improve their health and 

fitness along with their swimming abilities.      

     http://jp.hamamatsu.com/en/rd/publication/

P h o t o n  i s  O u r  B u s i n e s s

Advanced optical tracking now

turns swimming into a science,

for competition and for health

Hamamatsu is opening

the new frontiers

of Light 

...

This graph shows time, length 
and frequency of strokes plus 
rate of speed for one swimmer. 

An array of cameras and computers measures 
and times every stroke of every swimmer.
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In 1999 Hamamatsu was first asked to develop a system that could automatically measure 
swimming in real time. And already Hamamatsu's unique Swim Stroke Watcher™ system has 
been used at major swimming competitions in Japan, such as the 2008 Junior Olympics.
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The Internet at 40
Four decades ago the Defense 
Department connected computer 
nodes at four universities—a his-
toric linkup that would evolve into 
the Internet. One defense agency 
marked the 40th anniversary with 
a social-networking balloon hunt. 
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To order or learn more:   
1-800-729-2073, ext. Q7723 or Bose.com/QC

Quieter than ever before. Since we introduced the world’s 

first noise cancelling headphones over 20 years ago, we have 

conducted continuous research to improve this technology. 

Now, we have engineered significant advances in noise  

reduction to make the QC®15 headphones our quietest ever. 

Exclusive Bose technologies electronically sense more of the 

sounds around you, reducing more noise across a wider range  

of frequencies. And we didn’t stop there. We developed 

a new ear cushion that further reduces unwanted noise. It 

works in harmony with the electronics to deliver a better  

listening experience and a comfortable fit.

Try our best headphones for yourself, risk free. When 

you fly, the engine roar fades even further away. When you 

listen to music at home or at work, fewer distractions get in 

the way. Less noise, along with our acclaimed lifelike sound, 

a fit that stays comfortable for hours and the quality you 

expect from Bose. It all adds up to a combination of 

benefits unmatched in the industry. So now you can 

relax and appreciate music, movies or just some 

serenity more than ever before. We invite you 

to try QC15 headphones for yourself, risk 

free, for 30 days. And when you call, ask 

about making 12 easy payments, with no 

interest charges from Bose.* We’re so sure 

you’ll be delighted, we’ll even pay to ship 

them to your door.

Welcome to an even quieter world. 

Bose® QuietComfort® 15
Acoustic Noise Cancelling® headphones.  

NEW

The headphones that
pioneered an entire industry.

Now even better.

*Bose payment plan available on orders of $299-$1500 paid by major credit card. Separate financing offers may be available for select products. See website for details. Down  
payment is 1/12 the product price plus applicable tax and shipping charges, charged when your order is shipped. Then, your credit card will be billed for 11 equal monthly install-
ments beginning approximately one month from the date your order is shipped, with 0% APR and no interest charges from Bose. Credit card rules and interest may apply. U.S. 
residents only. Limit one active financing program per customer. ©2010 Bose Corporation. Patent rights issued and/or pending. The distinctive design of the headphone oval 
ring is a trademark of Bose Corporation. Financing and free shipping offers not to be combined with other offers or applied to previous purchases, and subject to change 
without notice. Risk free refers to 30-day trial only and does not include return shipping. Delivery is subject to product availability. C_007915
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Darwin doubters have some- 
times questioned evolution-
ary theory by asserting that 
no “missing link” exists be-
tween humans and other pri-

mates. But the fossil record shows that 
there was no instant leap to humanity: 
rather our species’ physical hallmarks ap-
peared gradually over the past several mil-
lion years. “Humans did not suddenly 
come into existence, but we share features 
with many other [species],” John G. Flea-
gle, an anatomist at Stony Brook Universi-
ty, has said. Fingernails evolved 
54 million years ago (mya) and  
the opposable thumb 25 mya, 
for instance. The pelvis shape 
needed for walking upright as 
well as the knee appeared more 
than 3.5 mya, and the foot arch 
arose around 1.8 mya. Al-
though skull construction was 
set around 35 mya, brains only 
ballooned in size between 2 
and 1 mya, and the chin dates 
from around 200,000 years 
ago. With apologies to Shake-
speare’s Hamlet: what a patch-
work is a man.

One feature that visibly sep-
arates us from most other 
mammals is our lack of fur. As 
Nina G. Jablonski explains in 
our cover story, “The Naked Truth,” be-
ginning on page 42, the transition of hir-
sute to hairless helped to set the stage for 
the emergence of large brains and symbol-
ic thought. The appearance of bare skin 
was one of a suite of adaptations that al-
lowed our ancestors to thrive on the savan-
na as grasslands expanded in Africa start-
ing about three million years ago.

Our forebears abandoned their easier 
foraging habits, traveling longer distances 
through a tropical landscape to acquire 
sufficient food to survive. Adding meat to 
their diets meant more calories, but finding 

prey also took more work. Their activity 
level increased and with it their need to dis-
sipate body heat to avoid tissue damage. By 
1.6 mya, protohumans had long legs for 
sustained walking and running. Along 
with that trait came naked skin and a large 
number of eccrine sweat glands, which 
produce moisture that removes body heat 
through evaporative cooling. The hairs on 
our head also help to combat overheating, 
by shielding our big brain from direct sun.

Although the board of editors didn’t 
plan it this way, many of the other feature 

articles in this issue also ex-
amine changes over time. The 
connection is most direct in 
“The Art of Bacterial War-
fare,” by B. Brett Finlay (page 
56), which describes the an-
cient battle between infectious 
agents and their human hosts. 
But other articles also describe 
“evolution” in various areas.

Whereas Finlay’s article fo-
cuses on inner space, for in-
stance, “Cloudy with a Chance 
of Stars,” by Erick T. Young 
(page 34), looks at outer: how 
stars arise and change over 
time, a seemingly simple ques-
tion that has long puzzled as-
tronomers. “The Prolific Af-
terlife of Whales,” by Crispin 

T. S. Little (page 78), explores how sunken 
whale carcasses today—and dinosaurs mil-
lions of years ago—support a series of eco-
system oases on the seafloor. Even “Better 
Mileage Now,” by Ben Knight (page 50), 
looks at how internal-combustion engines 
are changing, creating improved perfor-
mance. By explaining such advances, Sci-
entific American strives to fulfill its mis-
sion of demystifying a changing world.  ■

Continuum of Change

mariette diChristina  
editor in chief

© 2010 Scientific American
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End or No End?  ■

In “Squeezing More Oil from the 
Ground,” Leonardo Maugeri, director of 
strategies and development of an interna-
tional oil company, expresses the conven-
tional view of his profession, assuming a 
world of near-infinite oil resources to be 
produced under market forces. Maugeri is 
particularly dismissive of our Scientific 
American article “The End of Cheap Oil” 
[March 1998]. It is difficult to find fault 
with at least its title, considering that the 
average price of oil over the preceding 10 
years was $28 a barrel but rose to $45 over 
the ensuing decade to reach a peak of al-
most $150 in 2008. 

Given the central place of oil-based en-
ergy in the modern world, it is critically 
important that governments should base 
their policies on realistic depletion pro-
files, despite ambiguous definitions and 
lax reporting practices. Decline typically 
commences at about midpoint of deple-
tion, as already exemplified in more than 
50 countries. World discovery peaked in 
the 1960s and must deliver a correspond-
ing peak of production. A debate rages as 
to the precise date of peak but misses the 
point when what matters is the vision of 
the long decline on the other side of it.

Colin Campbell
Founder, Association for the Study of Peak Oil and Gas

Jean Laherrère 
President, ASPO France

MAUGERI REPLIES: It seems to me that the conven-

tional view about oil has become precisely the one 

proposed by Campbell and Laherrère: that the world 

is heading toward peak production. In my article, I 

never say that oil is bound to last forever. Instead I 

warn against those who affirm to know when its pro-

duction will peak, because no one can calculate the 

future derivate of an unknown stock. This is simply a 

nonscientific approach to the issue, as proved by the 

repeated mistakes in their calculations about the 

“peak” period. In fact, we still don’t know that much 

about the subsurface inner secrets, nor do we know 

the exact oil endowment of our planet. 

As to the issue of cheap oil, we should agree on 

the meaning of “cheap.” What appears expensive 

today could be much cheaper in the future, thanks to 

the advancement of technology. The negative psy-

chology created by unjustified alarmism about peak 

oil continues to introduce instability and volatility in 

the market, harming any concept of sustainable de-

velopment because uncertainty could determine a 

sort of “energy investment paralysis.”

Feed the World  ■

The agricultural industry may see bio-
technology as an important part of farm-
ing’s future, as four biotech executives say 
in “Biotech’s Plans to Sustain Agricul-
ture.” But the evidence is not very strong 
for this very biased viewpoint. The oppo-
site is described very well in the study 
“Failure to Yield,” by the Union of Con-
cerned Scientists (www.ucsusa.org/food_
and_agriculture). That the problem is one 
of distribution more than production is 
highlighted by the fact that Americans 
throw away enough usable food to feed all 
the hungry in Africa. And although DNA-
marker-assisted breeding seems to be help-

“Genetic engineering is unlikely  
to play a significant role in  
increasing food production  
in the foreseeable future.”

—Edith Borie KARLSRUHE, GERMANY

The Oil Crisis ■ Biotech Food ■ Brain Pills

© 2010 Scientific American
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ful to increase yields, gene insertion seems 
to be much less useful.

“Failure to Yield” concluded that genet-
ically engineering herbicide-tolerant soy-
beans and herbicide-tolerant corn have 
not increased yields. Insect-resistant corn, 
meanwhile, has improved yields only mar-

ginally. The increase in yields for both 
crops over the past 13 years, the report 
found, was largely attributable to tradi-
tional breeding or improvements in agri-
cultural practices.

Biotechnology companies maintain 
that genetic engineering is essential to 
boost agricultural productivity. The UCS 
report debunks that claim, concluding 
that genetic engineering is unlikely to play 
a significant role in increasing food pro-
duction in the foreseeable future.

The report recommends that the U.S. 
Department of Agriculture, state agricul-
tural agencies and universities increase 
research and development for proven ap-
proaches to boost crop yields. Those ap-
proaches should include modern conven-
tional plant-breeding methods, sustain-
able and organic farming, and other 
sophisticated farming practices that do 
not require farmers to pay significant up-
front costs. The report also recommends 
that U.S. food aid organizations make 
these more promising and affordable al-

ternatives available to farmers in develop-
ing countries.

Last, the insect-resistant cotton Mon-
santo sold to Indian farmers turned out to 
be susceptible to disease, causing loss of 
harvest and thousands of suicides.

Edith Borie
Karlsruhe, Germany

Magic Pill  ■

Regarding Gary Stix’s cover story, 
“Turbocharging the Brain,” at age 40 
(nine years ago) I was a physical and men-
tal wreck:  I was way overweight, and my 
mathematical abilities seemed to be dete-
riorating. I found a magic pill that lowered 
my weight (by 20 percent) and my blood 
pressure and cholesterol (both now “nor-
mal”), revitalized my you-know-what 
drive, and made my mind stronger than 
ever. The pill I started taking: triathlon!  

Alexander H. Slocum
Neil and Jane Pappalardo Professor  

of Mechanical Engineering 

Massachusetts Institute of Technology

Nonanarchist Pirates  ■

Michael Shermer’s Skeptic column, 
“Captain Hook meets Adam Smith,” 
makes the common mistake about “anar-
chy” that it signifies disorder in social re-
lations and the rule of the strongest by vi-
olence. Anarchy does not mean “social 
disorder.” It means “no chief or ruler.” 
Our common ignorance of the true mean-
ing of anarchy persuades us that we need 
a violent Hobbesian state to “keep us all 
in awe.” We might have a better aspiration 
for our future evolution.

Hugo du Coudray
Professor Emeritus

Portland State University

CLARIFICATIONS In “The Way the Wind Blows” 
[News Scan], Michael Moyer writes that “turbines 
are exponentially sensitive to changes in wind 
speed.” That was not meant literally. Turbine power 
is proportional to the cube of wind speed. 

In “The Crisis of Public Management” [Sustain-
able Developments], Jeffrey D. Sachs complains that 
the U.S. government has failed to build a single coal-
fired plant that captures and sequesters its carbon 
dioxide. One such facility does exist at the Shady 
Point coal power plant in Oklahoma, but it is not a 
government project. A
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CONTROVERSIES pERSIST on transgenic crops’ 
environmental and economic effects.
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Meet The Future
California Academy of Sciences  |  San Francisco  |  
November 18, 2009

SCIENTIFIC AMERICAN partnered with The California 
Academy of Sciences to present a live discussion 
with technology editor Michael Moyer based on our 
December World Changing Ideas cover story.

Decade2 Education
Ronald Reagan Building  |  Washington D.C.  |  
December 8, 2009

Our first program in the Decade2 series explores our most 
pressing challenges of education innovation. Some of the 
best minds on the subject included Deputy Secretary 
of Education Tony Miller, Undersecretary of Energy 
Kristina Johnson and Joe Miletich Sr. VP, Research & 
Development at Amgen, the sponsor of this event.  
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FEBRUARY 1960
METEOR DUST— “The recent extension of 
geophysical investigations into nearby 
space has given emphasis to the fact that 
life on earth is shielded by the earth’s at-
mosphere. Death from ‘meteoritic stroke’ 
might be a not-uncommon coroner’s ver-
dict if the protective canopy of the atmo-
sphere were not spread above our heads. 
During the past 13 years I have been en-
gaged in efforts to secure direct measure-
ment of the meteoritic fallout. My samples 
of meteoritic dust and cosmic spherules 
have come from the tops of high mountains 
remote from industrial civilization, and 
from the bottom of the ocean. The data 
now show that meteoritic material comes 
down to earth in much larger quantity 
(about five million tons per year) than ear-
lier estimates. Moreover, it appears that the 
rate of fall has varied during the past 10 or 
15 million years. —Hans Pettersson”

FEBRUARY 1910
BACTERIA FERTILIZERS— “The discovery of 
the mechanism of nitrification and the fix-
ation of atmospheric nitrogen by the bacte-
ria of root nodules soon led to attempts to 
aid the process by the addition of nitrogen-
fixing bacteria. In 1895 Nobbé and Hiltner 
patented a process of inoculating peas and 
beans and the soil in which they grow by 
soaking the seed with an infusion of a gela-
tin culture of the bacteria of the root nod-
ules. In 1904 the United States Bureau of 
Agriculture distributed 12,000 boxes of 
bacterial cultures, which appear to have 
produced good results. But the effect of 
these preparations is uncertain. The soil 
naturally swarms with nitrifying bacteria, 
but their growth may be checked by vari-
ous causes.”

FLOODS— “The inundation of Paris made 
many of the streets of that metropolis as 
navigable as the canals of Venice [see pho-
tograph]. The highest point reached by the 

water was 31 feet 4 inches above the nor-
mal at the Pont Royal. Not since the his-
toric flood of 1615 has Paris been visited by 
such an inundation. The banks have been 
overflowed for up to a mile on either side. 
The actual cause of the flood has not been 
fully revealed. Some explain it geologically 
by arguing that the basin of the Seine had 
become saturated during a mild winter, 
characterized by heavy rains and little 
evaporation. It will be safer to await the in-
vestigation of the municipal engineers.”

AGE OF STEAM— “The rapid elimination of 
the sailing vessel is shown by statistics re-
cently given by a German paper. In the 
twenty years between 1888 and 1908, the 
percentage of sailing vessels has declined 
in the merchant marine of Great Britain 
from 44.1 to 12.6; of Germany, from 62.1 
to 19.1; of the United States, from 80.7 to 
30.9. In the merchant marine of France, 
however, but little change has occurred, the 
respective percentages being 47.9 to 47.2.”

FEBRUARY 1860
BEST THING SINCE . . .— “Within the past 10 
years there has been a revolution in making 
bread. The ancient leaven bread was made 

by the dough being left in a warm place till 
it began to ferment. The chemical progress 
is the starch into sugar, then carbonic acid 
and alcohol, which forms between the par-
ticles of flour and swells them up. But great 
care was required in the operation lest it be 
decomposed, and therefore the modern 
process by yeast is much more preferable. 
Within the past 10 years, besides yeast in 
making bread, we have had ‘baking pow-
ders’ and ‘self-raising flour,’ and such, and 
99 families in 100 use some of these.”

A PRACTICAL MAN— “Out West, they are 
going beyond anything ever attempted in 
reckless construction of railways. A west-
ern man, who, in his time, had been a mer-
chant, a surveyor, an engineer, a land 
agent, a railway president and a profes-
sional politician (on more sides than one, 
by way of variety), once remarked to me, 
concerning a mutual acquaintance who 
was an engineer, ‘a good theoretical man, 
sir, but requires millions [of dollars] to car-
ry out his plans; he might do well in Eng-
land, with an unlimited supply of money, 
but he is not calculated for our western 
country; not practical, sir, not practical! 
We want men that can build railroads of 
corn cobs, if necessary!’”

Cosmic Dust  ■ Working Bacteria  ■ Yeast for Bread

citY Of LiGHt becomes a city of water: Paris floods, 1910

© 2010 Scientific American



KUWAIT PRIZE 2010
Invitation for Nominations

The Kuwait Foundation for the Advancement of Sciences (KFAS) institutionalized the KUWAIT 
Prize to recognize distinguished accomplishments  in the arts, humanities and sciences. The Prizes are 
awarded annually in the following categories:

 A.  Basic Sciences
 B.  Applied Sciences
 C.  Economics and Social Sciences
 D.  Arts and Literature
 E.  Arabic and Islamic Scientifi c Heritage

The Prizes for 2010 will be awarded in the following fi elds:

 1.  Basic Sciences : Chemistry

 2.  Applied Sciences : Biomedical Technology

 3.  Economic and Social Sciences :   Role of Islamic Financial Institutions 
in the Arab World

 4.  Arts and Literature : Studies in Al-Jahili Poetry

 5.  Arabic and Islamic Scientifi c Heritage : Architecture

Foreground and Conditions of the Prize:
1. Two prizes are awarded in each category: 
 * A Prize to recognize the distinguished scientifi c research of a Kuwaiti citizen, 
  and, 
 *A Prize to recognize the distinguished scientifi c research of an Arab citizen.
2.  The candidate should not have been awarded a Prize for the submitted work by any other 

institution.
3.  Nominations for these Prizes are accepted from individuals, academic and scientifi c centers, 

learned societies, past recipients of the Prize, and peers of the nominees. No nominations are 
accepted from political entities.

4.  The scientifi c research submitted must have been published during the last ten years.
5.  Each Prize consists of a cash sum of K.D. 30,000/- (approx. U.S.$100,000/-), a Gold medal, a KFAS 

Shield and a Certifi cate of Recognition.
6.  Nominators must clearly indicate the distinguished work that qualifi es their candidate for 

consideration.
7. The results of KFAS decision regarding selection of winners are fi nal.
8.  The documents submitted for nominations will not be returned regardless of the outcome of the 

decision.
9.  Each winner is expected to deliver a lecture concerning the contribution for which he was 

awarded the Prize.
Inquiries concerning the KUWAIT PRIZE and nominations including complete curriculum vitae and 
updated lists of publications by the candidate with four copies of each of the published papers should 
be received before 31/10/2010 and addressed to:

The Director General
The Kuwait Foundation for the Advancement of Sciences - P.O. Box: 25263, Safat - 13113, Kuwait. 

Tel: (+965) 22429780 / Fax: 22403891 / E-Mail: prize@kfas.org.kw
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In October 2009 the government of  
Italy announced that a wreck discovered 
off the southwestern tip of the country is 
the Catania, a passenger vessel sunk dur-
ing World War I—and not the Cunski, a 
cargo ship loaded with radioactive waste, 
as alleged by district authorities from near-
by Calabria. Few locals are reassured, says 
Michael Leonardi of the University of Ca-
labria. He and others maintain that the pu-
tative Cunski is still out there and is just 
one of numerous ships full of poisonous 
garbage that a crime syndicate has scuttled 
in the Mediterranean Sea. Such a startling 
allegation, if true, would not only damage 
the tourism and fishing industries along 
this idyllic coast but also compromise the 
health of Mediterranean residents.

Processing and safely storing waste from 
the chemical, pharmaceutical and other in-
dustries can cost hundreds, even thou-
sands, of dollars per ton—which makes il-
legal disposal highly profitable. According 
to the Italian environmental organization 
Legambiente, some waste shippers that 
have operational bases in southern Italy 
have been using the Mediterranean as a 
dump. While acknowledging that “no 
wreck has yet been found that contains 
toxic or radioactive waste,” physicist Mas-
simo Scalia of the University of Rome, La 
Sapienza, who has chaired two parliamen-
tary commissions on illegal waste dispos-
al, argues that other evidence makes their 
existence “beyond reasonable doubt.”

Scalia contends that 39 ships were 
wrecked under questionable circumstanc-
es between 1979 and 1995 alone; in every 
case, he adds, the crew abandoned the 
ship long before it sank. An average of two 
ships per year suspiciously disappeared in 
the Mediterranean during the 1980s and 
early 1990s, according to Legambiente—

and the number has increased to nine 
wrecks per year since 1995. Paolo Gerbau-
do of the Italian daily il Manifesto, who is 

assisting investigations, has identified 74 
suspect wrecks of which he regards 20 as 
being extremely suspicious. (The record 
extends until 2001.)

One notable example of a dubious 
wrecking is the Jolly Rosso, which washed 
up in December 1990 near the town of 
Amantea, after what investigators believe 
was a botched attempt to scuttle it. The 
cargo was offloaded and allegedly buried 
on land. In October 2009 an environmen-
tal ministry report noted that district au-
thorities detected dangerous substances in 
a nearby river valley, including a buried 
concrete block containing mercury, co-
balt, selenium and thallium at very high 
concentrations—and displaying substan-
tial radioactivity indicative of synthetic 
radionuclides. Authorities also found mar-
ble granules mixed in with thousands of 
cubic meters of earth, which was contam-
inated with heavy metals and cesium 137, 

typically a waste product of nuclear reac-
tors. The assemblage suggests that the Jol-
ly Rosso’s cargo included radioactive 
waste, sealed in concrete and shielded 
from detection by marble dust (which ab-
sorbs radioactivity).

Significantly, the increase in the fre-
quency of wrecking correlates with the 
progressive tightening of international 
dumping regulations. The first suspect 
sinking, in 1979, occurred the year after 
the Barcelona Convention, which restricts 
the disposal of pollutants in the Mediter-
ranean Sea, came into force. Over the fol-
lowing decades other treaties expanded 
the regulations, culminating in a 1993 
amendment to the London Dumping Con-
vention that halted the ocean disposal of 
all radioactive waste and in a 1995 amend-
ment to the Basel Convention that banned 
the deposition of the industrial world’s le-
thal excreta in developing countries. The 

Known wreck 
 Suspected sinking 
or dumping

Amantea

Mediterranean Sea

Poisoned Shipments
Are strange, illicit sinkings making the Mediterranean toxic?  BY MADHUSREE MUKERJEE

suspicious cargo 
shipwrecks, 
1979–2001

SUSpEcT SInKIngS have occurred in the Mediterranean. (A wreck is deemed suspicious based 
on location, timing, registration, ownership history and other factors.) perhaps the most 
infamous is the Jolly rosso (inset), which ran aground near Amantea, Italy, in December 
1990; the bright red hull is the result of a repainting job after stranding, perhaps done to 
hide markings. The map data include known sinkings and strandings (red) and suspected 
wreck sites or dumping areas (black). A more detailed map appears at http://tiny.cc/9aAVg.
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laws ruined the ambitious plans of one 
firm, Oceanic Disposal Management, in-
corporated in the British Virgin Islands, to 
drop tens of thousands of cubic meters of 
radioactive waste into the seabed off the 
African coast. Andreas Bernstorff, who 
formerly headed a Greenpeace campaign 
against the trade in toxic waste, reports 
that the number of schemes to ship such 
garbage to Africa fell steeply at this time, 
to at most one attempt per year. The drop 
coincides with a sudden and ominous rise 
in the frequency with which ships in the 
Mediterranean perished.

Despite profound concern in southern 
Italy, efforts to find the wrecks and iden-
tify their cargo have been slow. The en-
deavor is expensive, Scalia notes, and re-
quires “serious engagement by magis-
trates and politicians”—which, but for “a 
few honorable exceptions,” has been lack-
ing. Fear of violence may also have hin-
dered investigation. In 1994 Italian televi-
sion journalist Ilaria Alpi and cameraman 

Miran Hrovatin were shot dead near 
Mogadishu, after they picked up the haz-
ardous waste trail in Somalia, where po-
litical upheaval has kept the country from 
enforcing controls. 

That African nation possibly holds clues 
to the kinds of health hazards Italians 
might face. “My committee heard from  
Somalians who said many people in that 
area had symptoms of poisoning and some 
died,” Scalia attests, referring to a stretch 
of highway along which Alpi and Hrova-
tin may have witnessed the offloading of 
toxic substances. The tsunami of Decem-
ber 2004 dredged up giant metal contain-
ers from the seabed and placed them on 
Somali beaches—proving that the coun-
try’s coastal waters had also received ques-
tionable trash. A United Nations report 
blamed fumes from these unidentified ob-
jects for internal hemorrhages and deaths 
of local people.

In April 2007 Calabrian authorities had 
temporarily halted fishing in waters off 

Cetraro (where the Cunski lies, according 
to a turncoat from the ’Ndrangheta mafia) 
because of dangerous levels of heavy met-
als in marine sediment. In the region 
around Amantea, mortality from cancer 
between 1992 and 2001 exceeded that in 
neighboring areas, a study found; just as 
worrisome, hospitalizations for certain 
malignancies have risen in recent years. 

“Almost all the coastal regions of our 
country may be compromised,” warned 
28 Italian legislators from opposition par-
ties on October 1, in a parliamentary mo-
tion demanding that the sunken ships be 
located and their contents secured. Until 
investigators can salvage the truth about 
the shipwrecks, suspicion and anxiety will 
plague the Mediterranean shores.

Madhusree Mukerjee is author of the 
forthcoming book Churchill’s Secret 
War, about England’s famine-inducing  
colonial policies during World War II 
(Basic Books 2010).
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Negating “Climategate”
Copenhagen talks and climate science survive stolen e-mail debacle  BY DAVID BIELLO

Copenhagen— Even under this  
city’s low, leaden skies, at least one thing 
remained clear as leaders from 193 coun-
tries gathered to negotiate climate agree-
ments: one ton of carbon dioxide emitted 
in the U.S. has the same effect as one ton 
emitted in India or anywhere else. That 
simple truism is part of a huge body of data 
pointing to humanity’s effect on climate, 
and for most negotiators, the weight of 
that evidence seems to have crushed any 
doubt they may have felt in the wake of the 
1,000-plus e-mails and computer code sto-
len from the University of East Anglia’s 
Climatic Research Unit (CRU).

The theft made headlines as “Climate-
gate” in November, and many private cor-
respondences among scientists became 
public. Climate contrarians and politi-
cians, including Senator James M. Inhofe 
of Oklahoma, have claimed that the mes-
sages show that climate science was far 
from settled, that “tricks” were used and 
that researchers hid unfavorable data.

In fact, nothing in the stolen material 
undermines the scientific consensus that 
climate change is happening and that hu-
mans are to blame. “Heat-trapping proper-
ties can be verified by any undergraduate in 
any lab,” notes climate scientist Katharine 
Hayhoe of Texas Tech University. “The de-
tection of climate change, and its attribu-

tion to human causes, rests on numerous 
lines of evidence.” They include melting ice 
sheets, retreating glaciers, rising sea levels 
and earlier onset of spring, not to mention 
higher average global temperatures.

“Further increases in greenhouse gases 
will lead to increasingly greater disrup-
tion,” said meteorologist Michael E. Mann 
of the Pennsylvania State University in a 
December 4 conference call with reporters. 
Mann was among the scientists whose e-
mails were exposed.

Some of the kerfuffle rests on a misread-
ing of the e-mails’ wording. For example, 
“trick” in one message actually describes a 
decision to use observed temperatures rath-
er than stand-in data inferred from tree 
rings. Instead of implying deception, the 
word itself in science often refers to a strat-
egy to solve a problem. Even those scientific 
papers specifically challenged by the e-
mails—one message vowed to keep them 
out of a report by the United Nations’s In-
tergovernmental Panel on Climate Change 
“even if we have to redefine what the peer-
review literature is”—nonetheless made it 
into the most recent IPCC report.

Even if the CRU data “were dismissed as 
tainted, it would not matter,” argues IPCC 
contributor Gary Yohe of Wesleyan Univer-
sity. “CRU is but one source of analysis 
whose conclusions have been validated by 
other researchers around the world.” Other 
sources include NASA’s Goddard Institute 
for Space Studies, the National Oceanic 
and Atmospheric Administration’s Nation-
al Climatic Data Center, and even the IPCC, 
all of which provide access to raw data.

But the messages revealed at least one 
lapse in judgment when CRU director Phil 
Jones sent Mann an e-mail asking him to 
delete any correspondence related to 
“AR4,” referring to an upcoming IPCC re-
port. “To my knowledge, no one acted on 
that request. I did not delete any e-mails,” 
Mann said. The continuing existence of the 
e-mail itself would seem to support his con-
tention, although his response at the time 
was to agree to contact a fellow scientist, 
“Gene,” as requested by Jones, who has 
stepped down as CRU director.

The stolen e-mails may ultimately pro-
vide a sociological window into the climate 
science community. “This is a record of 
how science is actually done,” notes God-
dard’s Gavin A. Schmidt. Historians will 
see “that scientists are human and how sci-
ence progresses despite human failings. 
They’ll see why science as an enterprise 
works despite the fact that scientists aren’t 
perfect.”

“Science has already played its role” in 
the climate debate, explains Rajendra 
Pachauri, chair of the IPCC. After all, IPCC 
authors had to achieve consensus with more 
than 190 countries as well as publicly re-
spond to each comment on the draft docu-
ments. “Unfortunately, the [climate] nego-
tiations are becoming solely political,” 
Pachauri laments. So the theft could be-
come a factor. “Do I think it will have a 
significant effect on the judgment of law-
makers or public opinion? No, I don’t,” re-
marks atmospheric scientist Michael Op-
penheimer of Princeton University. “But 
you never know with these things.” Re
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CLImAtE CLAmOr: Demonstrators in Copen-
hagen at December rally in a call for action.

Brought to the U.S. as pets, Burmese pythons have made headlines with their  
uncontrolled spread in the Florida Everglades and willingness to challenge alligators for 
the position of top predator. A report released by the U.S. Geological Survey last fall de-
livered more bad news: two other constrictor species, also former pets, are thriving in 

Python Boom
Big snakes poised to change U.S. ecosystems  BY mICHAEL tENNESEN
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the area, and six others could pose simi-
lar threats. Researchers fear that repro-
ductive populations could spread and 
eat native animals into extinction.

The new interlopers—northern and 
southern African pythons, reticulated py-
thons, boa constrictors and four species of 
anacondas—have “ecological similari-
ties,” explains Robert Reed, a USGS biolo-
gist and one of the authors of the report. 
“They are large invasive predators that na-
tive birds and mammals aren’t adapted to, 
and they are highly fecund, capable of pro-
ducing up to 100 hatchlings in one nest.” 
They’re also big; some grow up to 20 feet 
and 200 pounds. They seize prey with 
their teeth and then wrap around the prey’s 
body, squeezing it to death.

Biologists first noticed the slithering in-
vasion in the late 1990s. Snake numbers 
have risen dramatically: in 2000 two Bur-
mese pythons were captured in the Ever-
glades National Park; in 2008 the number 
captured hit 343. Biologists believe that 

tens of thousands now live in the park. 
Other constrictors have begun appearing 
beyond the Everglades: boa constrictors 
south of Miami and African pythons just 
west of the city.

Cryptic by nature, constrictors are ex-
tremely difficult to capture. “We know 
how they move and what they look like,” 
says USGS biologist Kristen Hart. “We had 
a radio-tagged snake in a fenced-off area 
the other day, right in the middle of six of 
us, and yet we couldn’t even see it. They 
are often underground or underwater or  
in a tree. They blend in so well here in the 
Everglades.”

When they move, however, they can 

move far. Relocated pythons have dem-
onstrated a homing ability, returning up 
to 48 miles to the place where they were 
captured. Biologists worry that the rep-
tiles may populate the Florida Keys, per-

haps by riding on floating logs or even 
swimming the distance. 

Without native predators, the snakes 
could really thrive. In fact, Burmese py-
thons may do better in Florida than in 
their home ranges in Southeast Asia, where 
jackals, monitor lizards, disease and para-
sites limit their numbers. “By the time they 
reach two years of age, not much can eat 
them in the Everglades,” Hart states. She 
describes one python she captured that 
“threw up four feet of an alligator.” Al-
though biologists have recovered 10 alliga-
tors in python stomachs, for the most part 
the constrictors prey on small mammals 
and birds. 

This predilection concerns Dave Hal-
lac, chief of biological resources for the Ev-
erglades and Dry Tortugas. “We are going bj
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rEtICULAtED pYtHONS and other constrictors 
are spreading in the U.S. more quickly than 
expected and threaten local wildlife.
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Research Triangle Park, N.C.—The  
mice are pretty odd. Distributed among 
2,000 cages, they represent a real hodge-
podge: white, black and brown mice, some 
fat, some skinny, some with crooked tails, 
some huddling in corners while others 
scamper in circles. These mice from the 
University of North Carolina at Chapel 
Hill, awaiting a new housing facility here, 
aren’t mutant rejects. Instead they are a 
valuable new resource—the most diverse 
mouse strains to ever hit the lab bench. Be-
cause they more closely reflect the genetic 
variation of humans, they may be the key 
to understanding some of today’s most 
common, and most complex, diseases. 

The mice don’t have the rodent equiva-
lent of human ethnicity; rather they sim-
ply have much greater DNA diversity. Tra-
ditional laboratory mice have a limited 
number of alleles—that is, different ver-
sions of the same gene. Their DNA con-
tains only about 30 percent of the allelic 

diversity of the entire mouse genome, 
meaning that lab mice as a whole have 
only a few forms of each gene compared 
with their wild counterparts. But now ge-
neticists have begun breeding a massive 
new mouse population, one that encom-
passes 90 percent of the diversity of the 
mouse genome and is on par with the nat-
ural variation in the human genome. 

The idea of creating these mouse 
strains took shape at a conference in 
2001, when a handful of scientists began 
to commiserate over the lack of progress 
in the study of illnesses caused by many 
genes acting together. In such complex 
diseases, which include cancer and diabe-
tes, scientists glean just bits of informa-
tion from traditional mouse genetics, 
which typically involves silencing one 
gene at a time. “We needed a new popula-
tion of animals to stimulate the field,” 
says David W. Threadgill, a geneticist at 
North Carolina State University and a 

through this comprehensive restoration 
program here in the Everglades, trying to 
restore a number of wading and water-de-
pendent birds, yet at the same time we have 
this big new predator in our midst.” Hal-
lac and others do not want a repeat of what 
happened on the American island of Guam. 
There the nonnative brown tree snake in-
vaded shortly after World War II and dev-
astated native wildlife. Since the snake’s 
arrival, most likely as stowaways on cargo 
vessels, Guam has lost 10 of its 12 native 
forest bird species, most of its bats and 
about half of its lizards.

Given the number of constrictors im-
ported to the U.S. as pets—Reed pegs the 
figure at just under one million—some spe-
cies appear poised to take up permanent 
residence. (Florida law stipulates jail terms 
up to one year for anyone releasing a pet 
constrictor, which can grow from a 20- 

inch-long juvenile to an eight-foot-long 
monster in a year.) Still, wildlife biologists 
hope to keep the invasion contained. Al-
though much of the southern U.S. offers a 
hospitable climate, the availability of prey, 
habitat and other factors will affect the 
snakes’ success. 

Hart and others are working with dif-
ferent traps, transmitters and “Judas 
snakes”—radio-tagged pythons that lead 
them to other snakes—in an attempt to un-
derstand and control the creatures. She la-
ments the fact that Florida didn’t take a 
more aggressive stance against these snakes 
years ago, when the reptiles were first sight-
ed and might have been eradicated quickly. 
Says Hart: “We’ve gone beyond the point 
where they’re easily controllable.”

Michael Tennesen is a freelance science 
writer based near Los Angeles.

Mouse Mash-Up
To better study disease, mice that reflect human DNA diversity   
BY MEGAN SCUDELLARI
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Better than free? Believe it. Stauer is
returning some of its success to our

many clients with the lavish, limited 
edition 6-carat French Pear Drop Pendant
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Despite tough economic times, Stauer has
had a very good year. Now it’s time to give
back. That’s why when you purchase the
DiamondAura® French Pear Drop Pendant
Necklace for $195, you’ll receive two $100
Stauer gift coupons. That’s $200 you can
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leader of the project. So the researchers 
outlined a plan: Start with genetically di-
verse founding strains and breed them 
into hundreds of reproducible varieties 
with a wide range of physical and behav-
ioral characteristics. They would have 
combinations of traits that today’s lab 
mice just don’t possess. The scientists cal-
culated that only eight founding strains 
were enough to capture the desired allelic 
diversity while keeping the project practi-
cally and computationally manageable.

But the project, called the Collabora-
tive Cross (CC), was more easily imagined 
than executed. A previous attempt to cre-
ate genetically diverse mouse lines by 
chemically inducing mutations lost fund-
ing because of low demand, so geneticists 
weren’t willing to funnel a cool $50 mil-
lion, the initial CC price tag, into another 
mouse project. “If the National Institutes 
of Health pours a lot of money into it, and 
it doesn’t have a lot of impact, credibility 
is hurt,” says Alan D. Attie, a geneticist at 
the University of Wisconsin–Madison 
who is not involved in the project.

But confident and impatient, Gary 
Churchill, a geneticist at the Jackson Lab-
oratory in Bar Harbor, Maine, began 
breeding the initial eight strains in his own 
lab, including three wild-derived strains 
that contribute 75 percent of the genetic 
diversity of the CC. Soon the collabora-
tors pieced together enough funding to 

commence breeding in earnest, first at 
Oak Ridge National Laboratory in Ten-
nessee, later at U.N.C., Tel Aviv Universi-
ty in Israel, and the University of Western 
Australia in Perth. Today the first few 
strains are almost finished breeding, and 
the team hopes to have the initial 50 lines 
done by the end of 2010 and 300 to 500 
completed by 2013—and at a cost of 
about one-tenth the original estimate.

“But we can’t be sitting around on our 
hands,” Churchill says, so he and others 
have already begun using the lines, called 

VARIETIES GALoRE: Mice bred from the Collab-
orative Cross show many traits. The project 
aims to mimic the genomic diversity seen in 
humans, to better model complex diseases.

Testosterone-Fueled sociability
Do those with more testosterone coursing through their bodies make riskier, more aggres-
sive decisions? To test the popular idea, researchers from Switzerland and the U.K. gave 121 
women either 0.5 milligram of the hormone or a placebo and had them play an ultimatum 
bargaining game in pairs. With real money on the line, one player of the pair had to propose 
how to split the funds. The other player could reject the offer if she thought it unfair—and  
if the game ended in a stalemate, no money was distributed.

Given the common wisdom about testosterone, the players who had gotten the testos-
terone boost should be more likely to take a riskier, more antisocial approach and make a 
lowball offer in an effort to keep more of the pot. The behavior of the test subjects, howev-
er, did not confirm the stereotypes, according to results published online December 8 by 
Nature (Scientific American is part of Nature Publishing Group). Those who had received 
testosterone actually made higher offers than those who had gotten the placebo.

Evidently, the testosterone-fueled proposals reduced bargaining conflicts and facilitated 
the exchange. Those with more of the hormone may have been acting out of a desire to 
maintain their images by avoiding rejection. The results do not necessarily mean that testos-
terone has no role in complicating social negotiations, but such a contribution is likely to be 
more complex than previously thought.  —Katherine Harmon
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into hundreds of reproducible varieties 
with a wide range of physical and behav-
ioral characteristics. They would have 
combinations of traits that today’s lab 
mice just don’t possess. The scientists cal-
culated that only eight founding strains 
were enough to capture the desired allelic 
diversity while keeping the project practi-
cally and computationally manageable.

But the project, called the Collabora-
tive Cross (CC), was more easily imagined 
than executed. A previous attempt to cre-
ate genetically diverse mouse lines by 
chemically inducing mutations lost fund-
ing because of low demand, so geneticists 
weren’t willing to funnel a cool $50 mil-
lion, the initial CC price tag, into another 
mouse project. “If the National Institutes 
of Health pours a lot of money into it, and 
it doesn’t have a lot of impact, credibility 
is hurt,” says Alan D. Attie, a geneticist at 
the University of Wisconsin–Madison 
who is not involved in the project.

But confident and impatient, Gary 
Churchill, a geneticist at the Jackson Lab-
oratory in Bar Harbor, Maine, began 
breeding the initial eight strains in his own 
lab, including three wild-derived strains 
that contribute 75 percent of the genetic 
diversity of the CC. Soon the collabora-
tors pieced together enough funding to 

commence breeding in earnest, first at 
Oak Ridge National Laboratory in Ten-
nessee, later at U.N.C., Tel Aviv Universi-
ty in Israel, and the University of Western 
Australia in Perth. Today the first few 
strains are almost fi nished breeding, and 
the team hopes to have the initial 50 lines 
done by the end of 2010 and 300 to 500 
completed by 2013—and at a cost of 
about one-tenth the original estimate.

“But we can’t be sitting around on our 
hands,” Churchill says, so he and others 
have already begun using the lines, called 

VARIETIES GALORE: Mice bred from the Collab-
orative Cross show many traits. The project 
aims to mimic the genomic diversity seen in 
humans, to better model complex diseases.

Testosterone-Fueled Sociability
Do those with more testosterone coursing through their bodies make riskier, more aggres-
sive decisions? To test the popular idea, researchers from Switzerland and the U.K. gave 121 
women either 0.5 milligram of the hormone or a placebo and had them play an ultimatum 
bargaining game in pairs. With real money on the line, one player of the pair had to propose 
how to split the funds. The other player could reject the offer if she thought it unfair—and 
if the game ended in a stalemate, no money was distributed.

Given the common wisdom about testosterone, the players who had gotten the testos-
terone boost should be more likely to take a riskier, more antisocial approach and make a 
lowball offer in an effort to keep more of the pot. The behavior of the test subjects, howev-
er, did not confirm the stereotypes, according to results published online December 8 by 
Nature (Scientific American is part of Nature Publishing Group). Those who had received 
testosterone actually made higher offers than those who had gotten the placebo.

Evidently, the testosterone-fueled proposals reduced bargaining conflicts and facilitated 
the exchange. Those with more of the hormone may have been acting out of a desire to 
maintain their images by avoiding rejection. The results do not necessarily mean that testos-
terone has no role in complicating social negotiations, but such a contribution is likely to be 
more complex than previously thought.  —Katherine Harmon
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Before humans arrived, the Ameri- 
cas were home to woolly mammoths, sa-
ber-toothed cats, giant ground sloths and 
other behemoths, an array of megafauna 
more impressive than even Africa boasts 
today. Researchers have advanced several 
theories to explain what did them in and 
when the event occurred. A series of discov-
eries announced last fall, at first glance ap-
parently contradictory, add fresh details to 
the mystery of this mass extinction.

One prominent theory pegs humans as 
the cause of the demise, often pointing to 
the Clovis people, who left the earliest 
clear signs of humans entering the New 
World roughly 13,500 years ago. The tim-
ing coincides with the disappearance of 
megafauna, suggesting the Clovis hunted 
the animals to extinction or infected them 
with deadly disease. Another hypothesis 
supposes that climate was the culprit: it 
had swung from cold to warm twice, in-
cluding a 1,300-year-long chill known as 
the Younger Dryas; such abrupt shifts 
might have overwhelmed the creatures’ 
abilities to adapt.

To pin down when the megafauna van-

ished, paleoecologist Jacquelyn Gill of the 
University of Wisconsin–Madison and her 
colleagues analyzed fossil dung, pollen and 
charcoal from ancient lake sediments in In-
diana. The dung of large herbivores har-
bors a fungus known as Sporomiella, and 
its amounts in the dung gives an estimate of 
how many mammoths and other megafau-
na were alive at different points in history. 
Pollen indicates vegetation levels, and char-
coal signals how many fires burned; the ex-
tent of flora and wildfires is related to the 
presence of herbivores, the researchers say 
in the November 20 Science. Without 
megaherbivores to keep them in check, 
broad-leaved tree species such as black ash, 
elm and ironwood claimed the landscape; 
soon after, buildups of woody debris 
sparked a dramatic increase in wildfires. 
Putting these data together, Gill and her 
team conclude that the giant animals dis-
appeared 14,800 to 13,700 years ago—up 
to 1,300 years before Clovis.

A different study, however, suggests 
that this mass extinction happened during 
Clovis. Zooarchaeologist J. Tyler Faith of 
George Washington University and ar-

Lost Giants
Did mammoths vanish before, during and after humans arrived?   
BY CHARLES Q. CHOI

the pre-CC, to demonstrate the usefulness 
of the mice, in studies ranging from basic 
physiology to the animals’ susceptibility 
to infectious diseases. The initial forays 
are drawing interest from federal agen-
cies: last September the U.S. awarded 
U.N.C. $8.6 million for a center to study 
the genetics of human psychiatric disor-
ders using the CC. 

Scientists outside the project are being 
lured, too. Samir Kelada, a postdoctoral 
fellow in the lab of NIH head Francis Col-
lins, has already used around 160 pre-CC 
mice to study gene-environment interac-
tions that cause allergic asthma. They in-
clude those that remain perfectly healthy 
after receiving large doses of asthma aller-

gens and those that wheeze before testing 
even begins. “They’re just so diverse,” 
Kelada says. 

The CC leaders hope that more re-
searchers like Kelada will use the freely 
available resource. Unless the project’s 
founders, who are primarily geneticists, 
can convince physiologists and biochem-
ists to examine the mice, “the impact is go-
ing to be very limited,” Attie says. Thread-
gill agrees: “There is no doubt we have to 
bring in people who are experts in physi-
ology and behavior. We really want it to 
be a community resource.”

Megan Scudellari is a freelance science 
writer based in Durham, N.C.

Research & Discovery
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cies: last September the U.S. awarded 
U.N.C. $8.6 million for a center to study 
the genetics of human psychiatric disor-
ders using the CC. 

Scientists outside the project are being 
lured, too. Samir Kelada, a postdoctoral 
fellow in the lab of NIH head Francis Col-
lins, has already used around 160 pre-CC 
mice to study gene-environment interac-
tions that cause allergic asthma. They in-
clude those that remain perfectly healthy 
after receiving large doses of asthma aller-

gens and those that wheeze before testing 
even begins. “They’re just so diverse,” 
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The CC leaders hope that more re-
searchers like Kelada will use the freely 
available resource. Unless the project’s 
founders, who are primarily geneticists, 
can convince physiologists and biochem-
ists to examine the mice, “the impact is go-
ing to be very limited,” Attie says. Thread-
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bring in people who are experts in physi-
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chaeologist Todd Surovell of the University 
of Wyoming carbon-dated prehistoric 
North American mammal bones from 31 
different genera (groups of species). They 
found that all of them seemed to meet their 
end simultaneously between 13,800 to 
11,400 years ago, findings they detailed 
online November 23 in the Proceedings of 
the National Academy of Science USA. 

But if ancient DNA recovered from per-
mafrost is any sign, megafauna survived in 
the New World millennia after humanity 
arrived. As the permafrost in central Alas-
ka cracked during springtime thaws, water 
that held DNA from life in the region 
leaked in, only to freeze again during the 
winter. As such, these genes can serve as 
markers of “ghost ranges”—remnant pop-
ulations not preserved as fossil bones. 
Looking at mitochondrial DNA, evolu-
tionary biologist Eske Willerslev of the 
University of Copenhagen and his col-

leagues suggest mammoths lasted until at 
least 10,500 years ago (as did horses, which 
actually originated in the Americas only to 
vanish there until the Europeans reintro-
duced them). The Proceedings of the Na-
tional Academy of Science USA published 
those findings online December 14. 

Although the three papers appear to 
conflict with one another, they could be 
snapshots from the beginning, middle and 
end of a mass extinction. “If they seem to 
disagree, it is for the same reason as in that 
fable about the three blind men trying to 
describe an elephant—or mammoth?—by 
touching different parts of it,” says ecolo-
gist Christopher Johnson of James Cook 
University in Australia, who did not take 
part in any of the studies.

Johnson suggests the fungus research is 
superb evidence for when the decline be-
gan, but it is not as good at confirming ex-
actly when the extinction was completed, 

especially over larger areas where sparse 
populations might have persisted. The 
DNA finds, on the other hand, can detect 
late survivors, he says, “maybe very close 
to the actual time that the last individuals 
were alive, at least in Alaska.” The bones 
analyzed from the period roughly in be-
tween show that the extinction process af-
flicted many species simultaneously. Those 
fossils came from the contiguous U.S., 
which back then was separated from Alas-
ka by the massive Laurentide and Cordil-
leran ice sheets and so, Faith notes, could 
explain why the pattern of extinction dif-
fered up there.

So what caused the decline? The jury’s 
still out, says Willerslev’s collaborator 
Ross MacPhee of the American Museum 
of Natural History in New York City. 
Johnson notes that archaeologists are 
turning up evidence of humans in the New 
World before Clovis, and he suggests they 
overhunted the megafauna. The beautiful-
ly crafted fluted spear points linked with 
the Clovis might reflect strategies that de-
veloped once the giants became rare and 
harder to hunt, Johnson adds.

Even if scientists cannot definitively 
finger the killer, research into the mega-
fauna disappearance “is directly relevant 
today because we are in the middle of a 
mass extinction and one for which we 
know the cause—us,” Gill says. “Large 
animals are among the most threatened 
today,” she points out, and no one wants 
Africa to follow the ancient experience of 
the Americas.

Charles Q. Choi is a frequent contribu-
tor based in New York City.

MYSTERY DEATHS: Mastodons, depicted here munching on black ash trees, and other mega-
fauna vanished long ago. Some seemed to have survived humanity’s arrival in the Americas.

Saying words such as punt, tackle and kick produces a puff of air 
that helps the listener distinguish words with similar letter sounds, 
even though the puffs are so subtle that they go unnoticed. Bryan 
Gick and Donald Derrick of the University of British Columbia set out 
to determine if these puffs enhance auditory perception. They had 
66 participants listen to recorded sounds while receiving light, 
imperceptible bursts of air from thin tubes placed either over their 
hand or neck or in their ear.

In some cases, puffs came with the appropriate sounds (“pa” and 
“ta”), at other times not (“ba” and “da”). Without any puffs, 
participants misheard “pa” for “ba” and “ta” for “da” 30 to 40 

percent of the time. The accuracy improved 10 to 20 percent when 
heard with an accompanying air puff over the hand or neck. No 
improvement took place, however, when an air puff went into the 
ear, suggesting that the participants were not simply hearing  
the airflow.

The opposite effect occurred when the volunteers received a  
puff with the inappropriate sounds “ba” and “da”: the accuracy 
decreased by about 10 percent if the sounds came with puffs. The 
researchers described their work, which might lead to improved 
hearing aids, in the November 26 Nature (Scientific American is part 
of Nature Publishing Group).  —Carina Storrs
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When Nintendo’s Wii game console debuted in Novem- 
ber 2006, its motion-sensing handheld “Wiimotes” got players 
off the couch and onto their feet. Now Microsoft hopes to outdo 
its competitor by eliminating the controller altogether: this past 
January it revealed details of Project Natal, which will give Xbox 
360 users the ability to manipulate on-screen characters via nat-
ural body movement. The machine-learning technology will en-
able players to kick a digital soccer ball or swat a handball sim-
ply by mimicking the motion in their living room.

Microsoft, which announced its ambitious Xbox upgrade 
plan in June 2009, has not set a release date, but many observers 
expect to see Natal at the end of the year. It will consist of a depth 
sensor that uses infrared signals to create a digital 3-D model of 
a player’s body as it moves, a video camera that can pick up fine 
details such as facial expressions, and a microphone that can 
identify and locate individual voices.

Programming a game system to discern the almost limitless 
combinations of joint positions in the human body is a fearsome 
computational problem. “Every single motion of the body is an 
input, so you’d need to program near-infinite reactions to ac-
tions,” explains Alex Kipman, Microsoft’s director of innovation 
for Xbox 360.

Instead of trying to preprogram actions, Microsoft decided to 
teach its gaming technology to recognize gestures in real time, 
just like a human does: by extrapolating from experience. Jamie 
Shotton of Microsoft Research Cambridge in the U.K. devised a 
machine-learning algorithm for that purpose. It also recognizes 
poses and renders them in the game space on-screen at 30 frames 
per second, a rate more than sufficient to convey smooth motion. 
Essentially, a Natal-enhanced Xbox will capture movement on 
the fly, without the need for the mirror-studded spandex suit of 
conventional motion-capture approaches.

Training Natal for the task has required Microsoft to amass a 
large amount of biometric data. The firm sent observers to homes 
around the globe, where they videotaped basic motions such as 
turning a steering wheel or catching a ball, Kipman says. Micro-
soft researchers later laboriously selected key frames within this 
footage and marked each joint on each person’s body. Kipman 
and his team also went into a Hollywood motion-capture studio 
to gather data on more acrobatic movements. 

“During training, we need to provide the algorithm with two 
things: realistic-looking images that are synthesized and, for each 
pixel, the corresponding part of the body,” Shotton says. The al-
gorithm processes the data and changes the values of different 
elements to achieve the best performance.

To keep the amount of data manageable, the team had to fig-
ure out which were most relevant for training. For example, the 
system doesn’t need to recognize the entire mass of a person’s 
body, but only the spacing of his or her skeletal joints. After whit-
tling down the data to the essential motions, the researchers 
mapped each unique pose to 12 models representing different 
ages, genders and body types. 

The end result was a huge database consisting of frames of 
video with people’s joints marked. Twenty percent of the data 
was used to train the system’s brain to recognize movements. En-
gineers are keeping the rest in a “ground truth” database used to 
test Natal’s accuracy. The better the system can recognize ges-
tures, the more fun it will be to play the game.

Of course, Microsoft is not the only company exploring ges-
tural interfaces. Last May, Sony demonstrated a prototype unit 
that relies on stereo video cameras and depth sensors that, it says, 
could be used to control a computer cursor, game avatar or even 
a robot. Canesta, a company that makes computer-vision hard-
ware, has demonstrated a system that lets couch potatoes control 
the TV with a wave of the hand and has partnered with comput-
er manufacturers Hitachi and GestureTek to create gestural con-
trols for PC applications.

Still, the controller should not disappear altogether, says Hi-
roshi Ishii, who is head of the Tangible Media Group at the M.I.T. 
Media Laboratory. “I’m a strong believer in having something 
tangible in your hand,” he says. Wiimote devices, moreover, pro-
vide haptic feedback, such as vibration or resistance, which makes  
the action more realistic. Even for activities like Natal’s soccerlike 
Ricochet game demo, Ishii points out, a player might miss the  
feeling of connecting with a physical object that a controller 
provides.

But Peter Molyneux, creative director of Microsoft Game Stu-
dios Europe, looks forward to a new breed of computer enter-
tainment, because eliminating game controllers opens up more 
creative possibilities. “Natal is forcing me as a designer to think 
of this as a relationship between the player and a piece of tech-
nology,” he says. “We’re trying to make something that feels as 
if it’s alive.”

Susan Kuchinskas covers technology from Berkeley, Calif.

GAME ON: Microsoft’s answer to the Wii, called Natal, responds to 
gestures of players, who in this game must block a barrage of balls.

Naked Gaming
Good-bye, controller: an Xbox upgrade reads  
natural gestures  BY SUSAN KUCHINSKAS

Technology
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At the turn of the millennium, the U.S. had some of the  
best broadband access in the world. It reached more homes, and 
at a lower price, than most every other industrial country. Ten 
years later the U.S. is a solid C-minus student, ranking slightly 
below average on nearly every metric. 

Just how the U.S. lost its edge and how it plans to get it back 
are the issues before the Federal Communications Commission 
as it prepares to launch the most significant overhaul of network 
policy since the birth of the Web. As part of last year’s stimulus 
package, Congress provided $7.2 billion to expand broadband  
access to every American. It also required the FCC to outline a  
plan for how to make that happen. The outcome of the FCC’s  
deliberations, due February 17, could determine not just control 
over the broadband infrastructure but also the nature of the  
Internet itself. 

Today about 51 percent of U.S. households have broadband 
access, and those that do pay roughly $45 per month. Contrast 
that with South Korea, where 94 percent of households browse 
the Web at $37 per month (and at download speeds on average 
eight times quicker). According to an October report to the FCC 
from the Berkman Center for Internet & Society at Harvard Uni-
versity, the decline in the adoption, pricing and speed of broad-
band in the U.S. can be traced back to a series of key decisions 
made by the FCC nearly a decade ago. 

These decisions limited most Americans to one or two choic-
es of Internet service provider (ISP)—either the cable company or 
the telephone company. This is not the case in the rest of the in-
dustrial world. There so-called open-access policies mandate 
that the company that owns the physical infrastructure must sell 
access to those lines on a wholesale market. For example, France 
Telecom owns the telephone lines, yet consumers can choose 
from a number of different Internet service pro-
viders, each of which leases access from 
France Telecom’s infrastructure. 

In the U.S., that competition 
doesn’t exist. The reason is 
that in early 2002, then 
FCC commissioner Michael 
Powell reclassified broad-
band Internet services as “in-
formation services” rather than 
“telecommunications services.” 
The ruling allowed DSL (digital 
subscriber line) and cable operators 
to avoid falling under the open-access 

rules mandated by the 1996 Telecommunications Act. At the 
time, Powell justified the decision by saying that it was the best 
way to fast-track greater broadband deployment.

The evidence to date has not supported this strategy. “When 
we look at the countries that have the highest speeds and the low-
est prices,” says Yochai Benkler, a professor at Harvard Law 
School and lead author of the Berkman report, “there is a clutch 
of competitors who entered over the past seven or eight years us-
ing open access to build their own competing advantages—agile, 
innovative competitors that catalyze the market.” By reclassify-
ing broadband services yet again, the FCC could bring those ad-
vantages to the U.S.

The upcoming FCC report is also expected to address the con-
troversial matter of “Net neutrality.” “Why has the Internet 
proved to be such a powerful engine for creativity, innovation 
and economic growth?” asked Julius Genachowski, chair of the 
FCC, in a recent speech. “A big part of the answer traces back to 
one key decision by the Internet’s original architects: to make the 
Internet an open system.” The structure of the Internet allows 
any user to access any site—and any entrepreneur to reach any 
user. It’s now a cliché, but Web giants like Facebook and Google 
were started by students in bedrooms. They never could have 
flourished without access to an open-distribution system.

That openness has recently come under threat from some In-
ternet service providers. Citing the strain on their infrastructure 
from peer-to-peer file sharing, ISPs have expressed an interest in 
blocking or degrading some content as it passes through their 
lines. Yet this ability would open a Pandora’s box. What if Com-
cast, the anticipated new owner of the media company NBC Uni-
versal, decides to throttle back video from its competitor CBS? Or 
what if it requires all video purveyors—even shoestring start-

ups—to pay a monthly transmission fee, lest their 
videos suffer delays in transit? Genachow-

ski’s comments suggest that the FCC will 
formalize the information ag-

nosticism that has been built 
into the Web from its birth. 

The final report is expect-
ed to touch on a huge swath of 

other issues, from wireless spec-
trum allocation to television set-

top boxes. Some recommendations 
will have to go through Congress, where-

as others could be enforced by the FCC on 
its own. Whatever the outcome, the broad-

band landscape should look very different in a 
year, in way that the next generation of Internet 

entrepreneurs hope will be level and fair. G
et
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Plug ‘n Pay: u.S. consumers suffer from  
a dearth of choices among broadband providers.

Bigger, Better Broadband
new regulatory rules should change the way americans get online  By MICHaEl MOyER

© 2010 Scientific American
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Towards a Green and 
Innovative Economy
To pursue a competitive and sustainable devel-
opment strategy as well as preparing to tackle 
global challenges such as the impacts of cli-

mate change, Thailand has set a vision to become a green and innovative 
economy.  To achieve this, emphasis has been placed on the development 
of business clusters, supply chains, and community networks, making use 
of state-of-the-art science and technology, as well as local wisdom and 
Thai culture.

Strengthening the Agricultural Sector – the Kitchen of the World
For most of the last decade, Thailand was ranked among the top ten of 
food producing countries worldwide. The country is currently the world’s 
largest rice exporter, contributing around 10 million tons of the annual 30 
million tons of international rice trade. The country is also the world’s larg-
est rubber producer and second-largest sugar exporter. Thailand is also 
Asia’s top exporter of chicken meat, shrimp and several other commodi-
ties, thus feeding more than four times its own population. 

a Green aandTowards a

Thailand at a Glance
Traditionally an agrarian nation, today Thailand boasts a complex, multi-faceted 
economy embracing industries employing the latest and most sophisticated sci-
ence and technology. The country’s form of government – constitutional monarchy 
– allows democratic processes and reforms, and is balanced by the Thai people’s 
peace-loving nature. Throughout the world, Thailand has gained a well-known 
reputation for its gracious hospitality. The friendliness of its people and the diverse 
nature of Thai culture make visitors feel at home in Thailand.

Thailand, predominantly a market-oriented free en-
terprise economy, is the second-largest economy in 
south-east Asia. With a favorable business environ-
ment, Thailand was ranked fourth in Asia and thirteenth 
in the world by the World Bank’s 2009 “Doing Busi-
ness” report which scores economies according to the 
ease of carrying out business. In 2008, agriculture’s 
contribution to GDP was 11.6%, compared to 47.1% 
in services and 41.3% in manufacturing sector.

Thailand enjoys a strategic location in the heart of Asia. 
This location makes it a convenient to trade with China, 
India and the countries of the Association of South-east 
Asian Nations (ASEAN), which has a cumulative popu-
lation of more than 500 million.

“Thailand Science 
Technology and 
Innovation (STI) policy 

has been formed through the 

process-oriented participation 

of stakeholders from all the sec-

tors including economic, social, 

environment, community, un-

derprivileged, and so forth in a 

cross function and cross minis-

try, with a balance on the activi-

ties of Development of STI and 

STI for development.”

Dr. Pichet Durongkaveroj, Secretary-General, STI
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Food security and food safety, as well as maintaining its role as one of the world’s 
key food producers will be underpinned by enlarging the country’s food production 
capacity through new technologies and farming systems that are in compliance 
with international standards. 

Promoting Greener and Cleaner Energy
As a net importer of hydrocarbons with the gap between demand and supply ex-
pected to grow in the future, Thailand has advocated energy conservation and 
initiated programs to develop renewable sources of energy for the past decade. 
Bio-fuels have been increasingly appraised as alternative sources of en-
ergy opening new income opportunity for farmers. The key ingredient for 
biodiesel in Thailand is palm oil. Ethanol is another source of alternative 
energy sources, as typical inputs include cassava, sugar, sugar cane, 
and molasses, all of which are readily available in Thailand. Natural gas-
es, wind power and hydropower are also being used widely in Thailand.

Modernizing the Services Sector – From Tourists’ Tropical 
Paradise to Medical Hub of Asia
Tourism is one of the largest services industries of the Thai economy and 
a key generator of foreign currency earning. For many decades, golden 
beaches and temples have drawn tourists to Thailand from afar. One 
of the fastest-rising tourism sectors in recent years is medical tourism, 
with international patients visiting Thailand to take advantage of Thai-
land’s world-class and extremely affordable health care system. In 2008, some 1.4 million foreigners sought treatment 

in Thailand, making Thailand the leading medical tourism destina-
tion in Asia.

Boosting Innovation in the Manufacturing Sector 
With the country’s advantages such as its central location in South-
East Asia, relatively advanced regulatory environment, high produc-
tivity rates, and sizeable pool of competitively priced labor, Thai-
land has become a manufacturing center for a number of foreign 
investors.  In fact, it has become part of the global supply chain in 

electronics & electrical (E&E) and automotive sectors. The 
country attracted big hard-disk drive manufacturers from 
around the world and became the world’s largest hard-
disk drive exporting country. It is also the largest auto 
manufacturer in south-east Asia. Worldwide, Thailand is 
the second-largest producer and exporter of pick-ups 
(after the US) while it is the world leader in the one-ton 
pick-up class. Thailand is also a signifi cant global player in 
computer hardware, textiles, food productions, petro-
chemicals, pharmaceutical, gems and jewelry, construc-
tion materials, metal and many other industrial goods.

Science, 
Technology 
& Innovation 

capability is considered a 

major driver of Thailand 

toward future growth and 

sustainability.
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Thailand is committed to 

the search for improved agri-

cultural methods that increase 

yields while minimizing envi-

ronmental impacts.

Sakarindr Bhumiratana, Ph.D.
President NSTDA

Dr. Pichet Durongkaveroj
Secretary General STI

National Science Technology and 
Innovation Policy Offi ce
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Since 2005, the government has launched the industrial modernization 
policy to expedite the change and boost innovation in the Thai industrial 
structure. The overall philosophy is to push many of the Thai manufactur-
ing industries further up the value chain from currently original equipment 
manufacturers (OEMs) to original design manufacturers (ODMs) and origi-
nal brand manufacturers (OBMs) through greater research and develop-
ment. This is based on the fact that many multinational companies (MNCs) 
have already established local technical research and development cen-
ters and design centers in Thailand.

The government has also implemented various measures, which include 
tax and non-tax benefi ts, to enhance manufacturing effi ciency, particularly 
in skill development. For example, the Board of Investment (BoI) offers a 
skill, technology, and innovation promotion scheme that provides 200% 
tax deduction as an incentive for companies spending on R&D and up-
grading human resources. The BoI has long sought to encourage foreign 
investment through the provision of attractive benefi ts to those participat-
ing in priority industries – automotive, E&E, information and communica-
tions technology (ICT), agriculture and agro-industries, ship and yacht 

building, and alternative energy.
 
National Science Technology and Innovation Policy Offi ce
Thailand has continuously strived for Science and Technology excellence. 
One of the government’s outstanding efforts is the establishment of National 
Science Technology and Innovation Policy Offi ce (STI). The STI was founded 

under the National Science Technology and Innovation Act, promulgated on February 13, 2008. The offi ce is a non-
bureaucratic, government-owned juristic person that maneuvers in commission with the policy guidance from the 
National Science Technology and Innovation Policy Committees (NSTIC), chaired by the Prime Minister of Thailand.

With a determined vision to promote the country’s capacity and strength, STI is committed to assist the country in 
moving towards a knowledge-based economy.  The science, technology and innovation strategic plan and policy rec-
ommendations provided to the government by the offi ce are expected to improve the country’s competitiveness and 
enhance socio-economic sustainability.

STI principally works with the industry, government, academic, and local community sectors in undertaking its activi-
ties. Collaborative networking is an essential part of the offi ce and is emphasized by the creation and promotion of 
active collaboration through strong linkages and exchange programs with local, overseas, and international organiza-
tions.

The agency’s main responsibilities are to produce policies and plans regarding science, technology and innovation at 
the national level, to provide support and advice to other governmental agencies in formulating their own implemen-
tation plans, to monitor and report the implementation results of the national STI plan including the performance of 
governmental agencies to the NSTIC, to develop standard measurements indicators, database, and conduct policy 
research in support of science, technology and innovation, as well as to facilitate and monitor the development of hu-
man resources in science and technology.
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Since 2005
the government has launched 

the industrial modernization 

policy to expedite the change 

and boost innovation in the Thai 

industrial structure.

NSTDA/STI
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Faster Forward to Keep Up with the 
Pace of Change
With an ultimate goal of becoming a knowledge-based society, Thailand sees an opportunity in 
the midst of an economic crisis where science, technology and innovation play a vital role in our 
sustainable and long-term economic turn-around and growth.  With our abundance in agricultural 
resources combined with our strategic geographical location, education and research is inevitably 
the essential tools in our translation, transformation and enhancement of the indigenous resourc-
es to the many products of demands and in the fi ercely competitive global market.  

 “Our role is to help our nation prosper in the increasingly competitive global economy by enabling 
the industry and agriculture sectors to do things better through superior capabilities and capacity 
using science and technology,” said Sakarindr Bhumiratana, President of the National Science 
and Technology Development Agency (NSTDA), an autonomous state agency that is responsible 
for driving the scientifi c and technological capabilities of Thailand.  

With research being key to innovation, NSTDA’s roles in the promotion of science include research 
and research funding, technology transfer, human resources development and S&T infrastructure.  
To strive for R&D excellence, NSTDA sees the critical importance in close collaboration and co-
operation with academic institutes, other government agencies and industries, domestically and 
internationally, that are relevant to the national missions. 

Working under the theme called ‘Fast Forward’ to focus on accelerating innovation, NSTDA is working closely with other 
government agencies and universities to get Thai scientists directly involved in the needs of agriculture, healthcare, and 
industry.       

Make Domestic Consumption Top Priority  
 “Good innovation must bring added value to the existing products and services, while generating long-term wealth and 
lifting life quality of people.  To support the national ambition to become ‘Kitchen of the World’, research in agriculture and 
food is among our R&D strengths.  However, top priority is to ensure that all Thai people are fully fed with safe and quality 
food we produce within our own home,” added Bhumiratana.

NSTDA’s R&D stronghold in the areas of agriculture and food through its four National Research Centers ranges from 
seeds, rice, cassava, algae, post-harvest processing, greenhouse, longer shelf life food packaging for export, to agricul-
tural produce quality assurance.  Advancement in biotechnology for probiotics, neutraceutical foods, herbal medicine, 
pharmacogenomics is also expected to contribute to the growth of the functional foods industry.    

NSTDA’s contributions, in partnership with other governmental and academic institutions, include cracking the code of 
jasmine rice genes; drought, fl ood and salinity-resistant rice varieties; smart greenhouse; smart farming; new environmen-
tally-friendly chemicals for processing of liquid latex; and seed improvement technology, help boost productivity in the 

Faster Forward to Keep Up with thehe

NSTDA is comprised of fi ve Centers, all focused on building 

Thailand’s science and technology capabilities:
BIOTEC:  Genomic Technology & Cell Factory Technology

MTEC: Design and Simulation for Materials and Manufacturing

& Materials Design and Production

NECTEC: Sensor Technology, Knowledge Engineering Technology, & Information 

Security Technology

NANOTEC: Nanocoating, Nanoencapsulation, & Functional Nanostructures 

TMC: Technology transfer and commercialization of discoveries and technologies
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Thailand Facts:
Capital: Bangkok

Area (sq km): 513,115

Population (millions): 65.74

National GDP in 2008 (billions US$): 272.8

% of GDP in 2008:

Agriculture: 12

Manufacturing: 35

Services: 53

Labor Force (millions): 37.70

agriculture sector.  Some of those technologies have been transferred to 
the rural agricultural communities for their self-reliance.  Others are pro-
totyped products that are made affordable and/or accessible to farmers.  
Some have been licensed, transferred and ready for commercialization. 

Transition to Clean and Green Energy
Thailand shares international concerns and makes efforts to promote 
utilization of alternative, renewable and environmental-friendly energy.  
Many themes are now being implemented through research, innova-
tion, regulations, policy, and also public awareness programs. All these 
attempts are expected to be paid back in the country’s reduction of 
carbon emissions for sustainable social and economic development and 
growth.  

By encouraging the development and investment in renewable energy 
(biofuels), research on this front is being pursued at NSTDA -- from the 
plantation to production and to quality assurance.  NSTDA carefully 
chooses to investigate oil palm and jatropha as the 2nd generation en-
ergy feed stocks.  The breeding technology gives higher yield to these 
crops and makes them more adaptable to different soil surfaces.   Fast 
progress has been made in Thailand, for its switching to cleaner fuels, 
several active international research collaborations on advanced clean 
energy technologies are pursued  “Thailand’s commitment to the mitiga-
tion of climate change will not only reduce the country’s carbon emis-
sions but will also contribute to the promotion of Green Energy in the 
region,” remarked Bhumiratana.

Healthy Community
Public health and medicine are another top and focused areas of NSTDA’s re-
search.  With its geographical location, tropical and re-emerging diseases (malaria, 
dengue, tuberculosis, infl uenza, thalassemia, etc) are among the most prevalent 
health issues of the nation, especially for those in the remote areas.  Without inter-
est from large pharmaceuticals to invest in R&D in these diseases, Thai scientists 
at NSTDA have found breakthroughs in identifying the groundbreaking structure of 
malaria parasite’s enzyme that causes its ability to mutate.  The discovery has led 
to a number of possible and new directions in the design of newly effective anti-
material drug candidates directly targeted at the enzyme.  

To enhance domestic pandemic preparedness for the infl uenza outbreak, Thailand has established the vaccine manufacture for 
swine fl u.  The prototype virus has successfully been developed and is now further processed into vaccine.  “All these break-
throughs cannot be achieved without supports given to NSTDA from many different ministries, educational institutions, scientists 
and researchers from diverse backgrounds.  I’m also inspired to see the genuine joint endeavor spirit among these diverse groups 
of people, who work in harmony for the common goal to help bring Thailand into the community of the most successful nations 
of the world in the future.” Sakarindr Bhumiratana said. 

About NSTDA
NSTDA helps Thailand prosper in the global economy by enabling the industry, agriculture and services sectors to do things 
better through superior capabilities utilizing Science and Technology.  Research contributions and capability building are accom-
plished by promoting and pooling our strengths together through four National Research Centers: BIOTEC, MTEC, NECTEC, 
NANOTEC, and one Technology Management Center: TMC.  Close col-
laboration with other government agencies, universities, and the private 
sector leads to valuable strategic partnerships and innovation alliances   
NSTDA and its Centers are operated by more than 2,500 scientists, re-
searchers and support staffs. The goal is to accelerate and streamline the 
transition from research to a marketable product.

NSTDA/STI

For more information, 
please contact:

www.nstda.or.th



Thailand aims to become regional education hub
Thailand has kicked off a National Research University initiative which 
has the ambitious goal for the country to become a world-class re-
gional academic and educational hub. This is part of a 15-year na-
tional Plan for Higher Education (2008-2022) of the Offi ce of Higher 
Education Commission (OHEC) and has been given high priority by 
the Government in order for universities to achieve international stan-
dards of excellence while upholding social responsibility.

The National Research University 
initiative is a three-year program 
that is based on a vision founded 
in science and technology, ac-
cording to OHEC Secretary-Gen-
eral Dr. Sumate Yamnoon. Human 
resource development, research 
and development as well as tech-
nology transfer are three key char-
acteristics of universities that have the 
potential and the knowledge to serve 
industry, society and the community at large.

According to the Plan for Higher Education, the OHEC has classifi ed universi-
ties into four groups: Research Universities with Graduate Schools, Universi-
ties with Fields of Specialization, Teaching Universities with Undergraduate-

Level emphasis and Community Colleges.

“We cannot administer 165 universities on the same platform, with the 
same resources and the same policy and standards with a ‘one size 
fi ts all’ approach, thus we have had to categorize universities based on 
their different contexts,” the OHEC Secretary-General said.

Dr. Sumate pointed out that Research Universities had to focus on 
creating researchers and developers and to keep concentrating on 
teaching at the master’s or doctorate degree levels because those 
people were the key drivers of the country’s competitive potential and 
thus these universities had to recruit the best students.  All teachers 
must have doctorate degrees and should publish one or two research 
papers a year, either at national or at international levels, depending on 
their fi elds, he said.

The National Research Universities initiative is a signifi cant project for 
the OHEC in that it provides a mechanism to select top research universities by highlighting expectations, their 
signifi cance and the expected outcome for R&D, particularly over the next three years.
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Dr. Sumate Yamnoon
Secretary-General

The National 
Research University 
initiative is a three-year pro-

gram that is based on a vision 

founded in science and tech-

nology.

Human resource 

development, research and de-

velopment as well as technology 

transfer are three key character-

istics of universities that have 

the potential and the knowledge 

to serve industry, society and 

the community at large.
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Universities with fi elds of specialization may be comprehensive, but may not aim as high 
so as to be able to compete internationally. They should strengthen the real sector of 
the economy so that human resource development and research projects may serve 
this sector. Student recruitment and teachers’ qualifi cations will be different from the fi rst 
group.

“Teachers must have experience in the real sector, or they will not be of help,” Dr. Sumate 
said.  He added that “success would be based on whether these universities can help 
the real sector of the economy. The curriculum must include at least one semester of 
multi-disciplined studies when students work in their fi elds of study while teachers 
would be required to undergo training and gain workplace experience,” he said.

“While the fi rst group is of research-oriented people who can generate complex 
designs, the engineers in the second group are more practical. They have to be 
able to use a fi le to shape an object,” he said, noting that “Thailand required a 
large number of people with these skills. They should help improve the potential of 
industry and production at one of three levels: national, local or basic competitive-
ness,” he added.

The Teaching Universities, or so-called four-year universities, focus on bachelor’s 
degrees and the Liberal Arts. They must have an excellent teaching style with the 
ability to develop analytical skills in students who would be able to work in any sec-
tor. This is an important base for local politicians and teachers to understand the 
identity, the requirements and the signature of the community. They would work at 
the grass roots level and have a role to play in the community.

“Community Colleges strengthen the community by enhancing produc-
tion performance. Graduates have diplomas, rather than bachelor’s de-
grees, along with practical skills for the workplace and students can learn 
at any time, affordably and fl exibly, gaining accreditation while working,” 
the OHEC Secretary-General said.

“We would like universities to function in three dimensions: providing 
teaching, promoting research and providing academic services. But the 
target groups vary, with a difference in content and procedures, and thus 
different criteria for the standards need to be developed.  We would not 
like to see every university be similar to Chulalongkorn University,” Dr. Su-
mate said, adding, “it would be worthless for every educational institute to 
be recognized at the international level” and he said that “it was important 
for them to measure their impact on society and industry.”

Special Advertising Section

T-8

Offi ce of Higher Education
Commission

We would like 

universities to function in 

three dimensions: provid-

ing teaching, promoting 

research and providing 

academic services.



National Research Universities
Dr. Sumate said, “To achieve the goal of becom-
ing an educational hub and for Thai research uni-
versities to join the global stage, more budget was 
needed along with dedication to R&D and to al-
low research universities to participate more in ad-
dressing the country’s problems. Research should 
focus on problems in the production sector and on 
social issues. The overall research system in insti-
tutes of higher learning nationwide should receive a 
major upgrade.”

OHEC introduced the National Research Universi-
ties project in response to government policy that 

promotes excellence and the solution of the country’s problems ef-
fi ciently and effectively; this would lead to an improvement in the qual-
ity of the higher education system and development of the country’s 
competitive advantage.

Nine top Thai research universities included in the 2008 Times Higher 
Education-QS World University Rankings have been selected, based 
on their strengths, by OHEC to pioneer the National Research Univer-
sities project. These include: Chulalongkorn University, Kasetsart Uni-
versity, Khon Kaen University, Chiang Mai University, King Mongkut’s 
University of Technology Thonburi, Suranaree University of Technol-
ogy, Mahidol University, Thammasat University and Prince of Songkla 
University.  “We are beginning the pilot phase with these research uni-

versities that will lead to a transformation in three major aspects: policy, standards and resource support. This is 
the new paradigm for higher education development,” Dr. Sumate said.

Inter-University Network (UniNet)
OHEC has implemented ICT infrastructure for research with a teaching and academic service known as UniNet 
comprising a 10 Gbps backbone that will be upgraded to 50 Gbps. Funded by the Government’s second stimu-
lus plan, in the fi rst year it will provide 8,000 kilometers of fi bre-optic cabling, to be extended to a total of 24,000 
kilometers within three years to become the largest network in the country.

UniNet Director Asst. Prof. Wicharn Lertwibhatrakul said Thailand was the 
fi rst country to build a high-speed fi bre-optic network connecting universi-
ties and research networks nationwide while providing students with free 
Internet access worldwide.

UniNet is linked to Internet II, the high-generation high-speed network 
designed for higher education and research institutes. The UniNet direc-
tor said that this would enable access to over 2,000 university research 
resources in the United States, while allowing for participation in meetings 
or presentations worldwide without the need to travel.

UniNet would connect to over 400 vocational education institutes, 185 
education service area offi ces, community libraries and schools under the 
Border Patrol Police, the Offi ce of the Basic Education Commission and 
to other non-profi t foundations within three years.

Special Advertising Section

propro
fi c
ity ity 
co

Nin
Ed
on
sit
ve
Un
og
Un

versities that will lead to a transformation in t

T-9

Thailand was the fi rst 

country to build a high-speed 

fi ber-optic network connect-

ing universities and research 

networks nationwide while 

providing students with free 

Internet access worldwide. 

thaiiilllanddd was the first



Centers of Excellence
OHEC supports the Centre of Excellence in Graduate Education and Research program which is an attempt to 
have universities with skills in the same areas work together and share resources. One centre can be located in 
different places. There are now nine centers of excellence: three are led by Mahidol University, being the centers 
of excellence for Innovation in Chemistry (PERCH-CIC), for Environmental Health, Toxicology and Management 
of Chemicals (ETM) and for Mathematics (CEM).

Chulalongkorn University leads two: the centers of excellence for Environmental and Hazardous Waste Man-
agement (EHWM) and for Petroleum, Petrochemicals and Advanced Materials, while the Centre of Excellence 
on Energy Technology and Environment (CEE) is led by King Mongkut’s University of Technology Thonburi.  
The Centre of Excellence on Agricultural Biotechnology (CAB) is led by Kasetsart University, while centers of 
excellence on Post-harvest Technology Innovation (PHTIC) and for Physics (TheP) are both led by Chiang Mai 
University.

University Business Incubators (UBI)
OHEC has been inspiring universities to have businesses com-
mercialize their research projects through collaboration between 
the public and private sectors under its University Business 
Incubators program. “This is an important engine to integrate 
education with the business sector that will drive national com-
petitiveness,” Dr. Sumate said. He added that “universities will 
work closely with the industry to acknowledge the issues such 
as labor, management, manufacturing procedures, materials, 
design and packaging.”

Some 70 percent of each joint research project under the 
UBI scheme will be supported by funds from OHEC and 30 
percent will come from the private sector. Now, 60 universi-
ties have joined the UBI, where the ultimate goal is for each 
university to have a clear direction when it comes to devel-
opment. This should enable Thai society to fully benefi t from 
the country’s universities.
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From Esaan Wisdom to Globalization 
Khon Kaen University (KKU), the fi rst public universi-
ty to be established in the Northeast of Thailand, has 
the vision of being a learning-based, research-based 
and quality-based university that is focused both on 
regional and national development.

Over the past 45 years, the university has been fol-
lowing a strategy to drive its operations to achieve 
objectives according to this vision. Research, in 
particular, is seen as a crucial task that the university 
emphasizes in order to create work or new knowl-
edge in each fi eld in response to the needs of com-
munities and society.

KKU is one of nine institutions selected to pioneer the Thailand Na-
tional Research University project which has the aim of raising the 
standard of Thailand’s universities to an international level through re-
search and development. This marks an important milestone in the 
history of higher education for Thailand.

Various activities have been vital in driving KKU to become a research-
based university. A major project has been the establishment of the 40-year Khon Kaen University 
Research Fund along with 12 specialist research centers in 2002. An additional 24 research centers 
and 15 research specialist groups were later established to cover three major fi elds: Science and 
Technology; Health Sciences; and Humanities and Social Sciences. In addition, some research cen-
ters have been collaborating with other universities and private organizations.

Utilizing the results of research is regarded as a crucial activity and for KKU this has played a great 
role in its operations.  The university has set up a department to take a responsibility for each mission, 
such as: the Academic Services Center, the Khon Kaen University Science Park and the Srinagarind 
Hospital, which is the largest hospital in the region.

KKU has entered into collaboration with over 200 organizations, educational institutes and inter-
national research institutes in more than 25 countries. This includes cooperation with international 
organizations such as: the Mekong Institute, the Greater Mekong Sub-region Academic and Re-
search Network (GM-SARN) and Greater Mekong Sub-region Tertiary Education Consortium Trust 
(GMSTEC).

Cooperating with communities in projects that promote sustainable development is another crucial 
role that the university continues to perform. KKU cooperates with communities in the Northeastern 
region and communities in other regions of the country.  KKU has also transferred knowledge and 
research experience to promote sustainable development with neighboring countries.

Khon Kaen University
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For more information, 
please contact:

Khon Kaen University
Mittraparp Highway,Muang District

Khon Kaen,Thailand 40002
Tel: (66) 43202222-42

Website: www.kku.ac.th

Dr. Sumon Sakolchai
President
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Chulalongkorn University

MAP GRAPHIC

Chulalongkorn University (CU) was founded nearly a century ago by King Rama VI, 
who named the university after his father, King Chulalongkorn. Thailand’s fi rst and 
the most prestigious institution of higher education started out as a Royal Page 
School aimed at realising King Chulalongkorn’s vision of providing equal access to 
education for all and the university has diversifi ed to now offer a wide spectrum of 
programmes, from the arts and humanities to science.

 CU has developed into a truly comprehensive university with 18 faculties, a gradu-
ate school, a school for sports science, three colleges (Population Studies, Petro-
leum & Petrochemical and Public Health Science) as well as the Sasin Graduate 
Institute of Business Administration providing more than 80 international pro-
grammes including a Masters of Arts in South East Asian Studies. The vision of CU 
stems primarily from King Rama IV who aimed 
for the university to be a “Pillar of the Kingdom” 
and this has positioned CU to be a “world-class 
national university.”

Set in a beautiful green landscape and offering 
a serene academic environment with high-qual-
ity facilities to enhance the ability for learning in 
the age of globalization, CU welcomes around 
11,000 new students each year. Among the 
39,000-strong student body, some 2,500 are en-
rolled in international programmes, 300 are visit-
ing exchange students and 250 are international 
students from Europe, the United States, Austra-
lia and Asia.

CU’s international reputation stems primarily from outstanding academic performance. Last year, 
CU stood at 138th in the top 200 list of universities in the Times Higher Education - QS World Uni-
versity Rankings – the only Thai university on the list. Fields that rose to international prominence 
included Arts & Humanities (49th place), Life Sciences & Biomedicine (51st place), Social Sciences 
(51st place) and Engineering & IT (78th place). These accolades reinforced its position as the 
country’s fi nest university. Recently, the university received the Reader’s Digest’s Trusted Brands 
Platinum Award for universities in Thailand.

Becoming a part of globally-renowned academic networks such as the International Association 
of Universities, the Association of Pacifi c Rim Universities and the ASEAN University Network has 
inspired extensive opportunities for research collaboration, information-sharing and exchanges for 
staff and students. This dedication to sharing and excellence has paid off: in the last two years, 
CU clinched nearly 400 awards and other distinctions on both a national and global level, including 
victories in the World Robo Cup 2008 and the USC Marshall International Case Competition 2009. 
In 2008, CU was the highest ranking Thai institution – and 112th overall – on the top 200 university 
website list (www.4icu.org).

Over many decades, the university has nurtured a number of infl uential politicians, distinguished 
professors and world-recognised researchers and artists. From the approximately 1.5 million grad-
uates (both degrees and certifi cates) there have been many standouts, such as HRH Princess 
Maha Chakri Sirindhorn, the current Prime Minister Abhisit Vejjajiva, the WHO regional director Dr. 
Samlee Plianbangchang, prize-winning author Win Lyovarin and the internationally-exhibited artist 
Montien Boonma. 
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For more information, 
please contact:

Offi ce of International Affairs

Tel: (66) 2218 3331-5 
Fax: (66) 2216 1299

 Email: int.off@chula.ac.th
Website: www.inter.chula.ac.th
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Doing in-depth research, providing public services and responding to ca-
lamities are three of the university’s strong points. In addition to the research 
clusters listed below along with 20 centres of excellence and 116 research 
units, these activities have provided Thailand with invaluable assistance 
in agriculture, in developing alternative energy sources, in containing the 
spread of contagious diseases like bird fl u, in conducting feasibility studies 
and in addressing social ills. Research runs the gamut from short- to long-
term projects.

Research Clusters
From the farm to the kitchen, from the river to the reservoir, the Food and 
Water Research Cluster covers everything from quality control to food pro-
duction and food science.

To address national energy resources, economic development and environ-
mental concerns, the university has broken down the energy cluster into fi ve 
areas: solar energy, biofuels, fuel cells, energy effi ciency and energy policy 
and modeling. Outputs from the cluster are expected to serve as a part of 
Thailand’s sustainable development.

In Thailand, CU contributes the most in this fi eld. The establishment of the 
country’s fi rst Engineering School and Faculty of Science were catalysts that 
advanced the study of construction materials, electronic parts, nano materi-
als and novel polymers as well as biopolymers such as polylactic acid and 
chitin-chitosan.

The university’s scientists are studying the impact of climate change on eco-systems and 
human habitats in areas such as greenhouse gases and coastal erosion. Carbon credits, 
biochar development, greenhouse gas (GHG) release and capture, lifecycle assessment and 
coastal erosion mitigation research is being carried out in collaboration with several re-
search institutes from USA, England and Austria. The focus of world-class and high-
impact research programmes include HIV, infl uenza, malaria, SLE, transplantation and 
cancer while cutting-edge areas that include stem cells and tissue engineering are devel-
oping rapidly. Chula Medical Research Center (ChulaMRC) and Clinical Research Center (ChulaCRC) are the major 
core facilities strengthening Chula’s investigators to perform high-end basic, clinical science and translational research.

Nowadays, the proportion of people aged over 60 is growing faster than any other demographic in many countries. 
This cluster, composed of 11 faculties, has developed 63 research projects for promoting good health among the ag-
ing in both urban and rural areas.

In light of these achievements and facilities, the institution’s goal is to become a truly world-class national university 
capable of responding to all the challenges of our changing times. Developing such multidisciplinary research in col-
laborating with local partnerships such as PTT Group, SCG, Thai Oil, Vinyl Thai and international companies such 
as Toyota, Dow Chemical, UOP, Mitsubishi, Hitachi and Bruker means that the university will continue to develop 
watershed projects and collaborate more with other renowned universities, thereby attracting ever-greater numbers 
of international students.

For its 100th anniversary in 2016, CU has set these objectives: to rank among the top 120 universities in the world; to 
crack the top 20 in Asia; and to be number one in South East Asia.

Meeting these objectives will also ensure that CU’s aim of producing “quality global citizens,” well-schooled in ethics 
and academia, life and career skills, continues to be on target.
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Putting the focus on interdisciplinary research
Although King Mongkut University of Technology Thonburi (KMUTT) is relatively small in size, its 
output per head ranked as one of the top three universities in the country.
With a focus on engineering and applied science, KMUTT is recognized as a “hands-on” en-
gineering university since its graduates are prepared and ready to work in any environment.

Senior Vice President for Academic Affairs Prof. Somchai Chucheepsakul explained that 
KMUTT could trace its origins to the Thonburi Technology Institute (TTI) “whose major mission 
is teaching technologies in the training of technicians and technical instructors. This distin-
guishes us from others,” he said.

Having been founded as a research university, KMUTT today serves both as an educational 
park and an industrial park.

Based on its strength in engineering credentials, the university has been leveraging engineering 
so that it is integrated with various scientifi c fi elds. “We believe that interdisciplinary research 
will stimulate advances in both innovation and research,” Prof. Somchai said.

“KMUTT had been working hard to reinforce the integration of Science and Engineering with 
a determination to be superior in the creation of research innovation and to better serve the industrial sector”, 
he added.

Prof. Somchai noted that the research capabilities of KMUTT covered a wide range of fi elds in the realm of Sci-
ence and Engineering, ranging from Energy and the Environment, Materials Science and Engineering to Food 
Processing and Biotechnology.
 
Having been on course with its 15-year “Roadmap 2020,” KMUTT has been intensifying efforts to develop man-
power and to generate knowledge at all levels of bachelors, masters and doctorate degrees.

R&D Cluster
According to KMUTT’s Roadmap 2020, the university has implemented the Centre of Excellence program of 
the Joint Graduate School of Energy and Environment (JGSEE), one of nine centers of excellence in graduate 
education and research that is supported by the Thai Commission for Higher Education.

JGSEE is a consortium of fi ve academic institutions led by KMUTT, with King Mongkut’s Institute of Technology 
North Bangkok, Chiang Mai University, Prince of Songkhla University and Sirindhorn International Institute of 
Technology at Thammasat University as collaborating partners.

“Through collaboration between our fi ve consortium partners, we are engaged in achieving technology-related 
advances for energy and the environment,” the Senior Vice President said. He added that the direction of 
studies covered Atmospheric Science and Modelling, Biodiesel Production, Biotechnology for Energy and En-
vironment, Climate Change and the Carbon Cycle, Energy and Environmental Policy, Energy Management in 
Buildings, Strategic Environmental Assessment, Fuels, Combustion and Emission Control, Hydrogen and Fuel 
Cells and Micro Hydropower.
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KMUTT has set up fi ve multi-disciplinary research clusters known 
jointly as the R&D Cluster which encompasses the following research 
groups: Earth System Science (ESS), the Institute of Materials Sci-
ences and Engineering Research (IMSER), Bio Science-Bio Engi-
neering (BSBE), Indoor Air Quality & Energy Management (IAQE) and 
Biotechnology and Food Engineering (BFE).

“A signifi cant driver for these research groups will be the National 
Research Universities scheme initiated by the Commission for Higher 
Education”, Prof. Somchai said. These research clusters, together 
with JGSEE, the fi rst autonomous graduate school, adds freedom 
and fl exibility in advancing research without the constraints of bu-
reaucratic management.

Two new KMUTT campuses have been established, with one being 
located in the Bangkhuntien district of Bangkok, about 20 kilome-

tres from the present campus. There are two schools 
there: the School for Architecture and Design and the 
School for Bioresources and Technology, as well as 
two scientifi c institutes, the Pilot Plant Development 
and Training Institute (PDTI) and the Industrial Park 
Center (IPC). The two institutes work cooperatively 
to support graduates in needed fi elds of science and 
technology and around the development of technol-
ogy in these fi elds.

The other new campus is in Ratchaburi province with 
an area of 460 acres. The site is highly suitable for 
teaching and learning, for conducting research, for 
providing academic services in the western region 
of Thailand and for disseminating knowledge about 
Technology and the Arts.

In addition, KMUTT is constructing a new campus in Bangkok on Krung Thonburi Road. To be called EDU-
CARIUM, it will feature a 20-story campus building that will serve the location of a new way of learning without 
boundaries and across disciplines. EDUCARIUM will be a place where engineers, designers, marketers and 
researchers will work together and learn together to come up with a host of new inno-
vative ideas. The location in central Bangkok will boost cooperation with companies 
in the private sector to help promote a dynamic exchange between the academic 
sector and industry.

Internationalization is another ambitious mission of KMUTT. Apart from JGSEE where 
all programs are conducted in English, the university will transform every department 
of the Engineering Faculty to adopt an international curriculum.

In 2010, the curriculum in approximately 40 percent of all engineering departments 
will be taught in English. Currently the School of Architecture and Design is being 
conducted in English and the Engineering Faculty will move in the same direction, 
improving the skills of KMUTT graduates and enabling these skilled human resources 
to become global workers.

“We are also confi dent that we will become a major hub for science and technology 
education for the Asian community,” said Senior Vice President Somchai.
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For more information, 
please contact:

King Mongkut’s University of 
Technology Thonburi (KMUTT)

126 Pracha-Utit Rd., Bangmod, 
Thung-Khru 

Bangkok, Thailand 10140
Tel: (66) 2470-8000

Website:  www.kmutt.ac.th

th
Sc
tw
an
Ce
to
te
og

ThTh
nan

tette
pr
of
Te



Inspiring Graduates to Serve Society
King Mongkut’s Institute of Technology Ladkrabang 
(KMITL) was established in 1960 with the objectives of 
providing education and promoting research and devel-
opment in science and technology for the industrial and 
economic development of Thailand as well as to instill a 
desire in its students to serve society.  

With royal permission, KMITL bears the name of King 
Rama IV, known as the Father of Thai Science.  At pres-

ent, KMITL is an autonomous institute that is supervised and overseen by the Commission on Higher 
Education that is affi liated with the Ministry of Education. 

KMITL is renowned for being one of the largest and best universities teaching science and technol-
ogy in Thailand. Under the policy of the institute’s Council which has General Surayud Chulanont as a 
Chancellor and under the Administration of Assoc. Prof. Dr. Kitti Tirasesth, the President, KMITL aims 
to be one of the top research universities in science and technology in Thailand. This is in accordance 
with the institute’s philosophy which is that education and research into science and technology are 
the basis for a country’s development and its accumulated publications for the past fi ve years in the 
Scopus database number more than 500. 

Today, the institute consists of seven faculties, one campus and three colleges. These are the Faculty of 
Engineering, Faculty of Architecture, Faculty of Industrial Education, Faculty of Science, Faculty of Ag-
ricultural Technology, Faculty of Information Technology, Faculty of Agro-industry, Chumphon Campus, 
the International College, the Nanotechnology College and the Collaborative College for Data Storage 
Technology and Applications attracting more than 20,000 students at undergraduate and postgradu-
ate levels in all faculties and colleges.

Furthermore, KMITL has received many foreign students from various countries through memoran-
dums of understanding and AUN/SEED-Net programs for higher education or student exchange.  The 
number of students has increased each year with the highest number being in the Faculty of Engineer-
ing.  To date, KMITL has produced more than 70,000 graduates serving at various levels in public and 
private organizations.

Many research projects conducted by KMITL researchers and students can 
further serve society. Some examples of these are: wireless integrated micro-
systems (WIMS) that will be used for ambient intelligence such as for trans-
portation, medical and healthcare applications and for environmental manage-
ment; milking machines as an appliance model for communities; electronic 
noses to measure the quality of fruit and food and “Buddy Way” for people 
with eyesight disabilities. 

International Cooperation
KMITL has collaborated closely with various international institutions or orga-
nizations in the areas of faculty and student exchange, joint degree programs, 
joint research projects, joint training programs and joint workshops, seminars 
or conferences.  The longest relationship has been the academic collabora-
tion between KMITL, Thailand and Japan and this been under way since the 

establishment of the institute in 1960. 
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For more information, 
please contact:

International Affairs Offi ce
King Mongkut’s Institute 

of Technology Ladkrabang
Chalongkrung Road, 
Ladkrabang District

Bangkok 10520, Thailand
Tel /Fax: (66) 2-326452

(66) 2-3298140-1               
E-mail: inter@kmitl.ac.th        
URL: //www.kmitl.ac.th

KMITL has been renowned as one 

of the top and largest universities in 

science and technology in Thailand.
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A Leading Science and Technology University
In the latest assessment by the Offi ce for National Education Standards and Quality Assessment 
(ONESQA), Mahanakorn University of Technology (MUT), a private university, achieved a score 
of 4.86 out of 5 which is the highest score in the Research University category.

In this survey by the ONESQA, a public organization established to assess the performance of 
all educational institutions, Mahanakorn came out on top 
in two key areas: research and learning qualities and for 
the quality of its graduates.

MUT is recognized, not only domestically but also inter-
nationally, as a leading science and technology university. 
In 1998 -- and within ten years of its establishment -- 
MUT was ranked 36th by Asiaweek Magazine in the cat-
egory of Asia’s Best Science and Technology Institutions.

One of the main objectives of MUT is to train highly-qual-
ifi ed engineers, technologists and personnel in related 
fi elds who are needed for the sustainable development 
of Thailand. This strengthens the motto of the university, 
which is Scientia Potestas Est. (Knowledge is Power).

MUT has prided itself as a research university whose lab-
oratories are well equipped with state-of-the-art facilities 
to accommodate world class research and development 
for both the private and the public sectors.  Additionally, 
MUT staff members have published a large number of 
research papers in international journals as well as con-
ference proceedings.

“The university has had close collaborations in research and teaching with Imperial College, 
London and The University of New South Wales, Australia since the university was founded.”

MUT now offers 20 degree programs, including two Doctoral and eight Masters degree pro-
grams. Up until now MUT has produced more than 29,000 graduates from four faculties: 
Engineering, Information Science and Technology, Veterinary Medicine and Business Ad-
ministration.

The fi rst university micro-satellite, which was given the name ‘Thai Paht’ by His Majesty King 
Bhumibol Adulyadej of Thailand, was built by a team of MUT staff at the University of Surrey 
and was launched into orbit in 1998. The ground station at MUT has become an educational 
centre and a research centre around satellite engineering. 

Several other projects developed by MUT have also been nationally recognized for their con-
tribution to society at large, such as ultra-sensitive mine detectors, unmanned aerial vehicles 
and water fi lters for rural areas. 
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Wisdom of the Land
Mahidol University (MU) originates from Thailand’s fi rst hospital, Siriraj Hospital, 
founded in 1888, and the hospital’s medical school is the oldest institution of 
higher learning in Thailand, granting its fi rst medical degree in 1893.  Later be-
coming the University of Medical Sciences in 1942, the University was renamed 
with great honor in 1969 by H.M. King Bhumibol Adulyadej after his own father, 
H.R.H. Prince Mahidol of Songkla, who is widely regarded as the ‘Father of Mod-
ern Medicine and Public Health in Thailand’.

With its goal of being the “Wisdom of the Land”, Mahidol Univer-
sity has continuously strived for educational excellence, outstanding 
research, leadership in healthcare services, and global outlook. Lo-
cally, Mahidol University was ranked top for research and teaching 
by the Thai Commission on Higher Education in 2006, and was also 
selected as one of the Commission’s nine National Research Uni-
versities.  In the THE-QS World University Ranking, Mahidol Univer-
sity was ranked among the top two universities in Thailand between 
2007 and 2009.  Mahidol University’s particular strength lies in its 
research excellence, which is demonstrated by its ranking in 2008 
and 2009 as the only Thai university within the Top 500 Universities 
of the Performance Ranking of Scientifi c Papers for World Universi-
ties of the Higher Education Evaluation and Accreditation Council of 
Taiwan.  Staff members of the university have not only won numerous 
awards at national level, including 18 Outstanding Scientist of Thai-
land Awards, but also several awards at international level, including 
the Magsaysay Award and the Rolex Award for Enterprise.

Although modern research in Thailand has only developed rather 
recently over the last 50 years, Mahidol University has been at the 
forefront of Thailand’s scientifi c and medical research from the be-
ginning.  Postgraduate training also plays an important part in this 
research, not only in producing the researchers of the future, but also 
the research publications of today. Thus Mahidol University has also 
initiated strong Master’s and Ph.D. programs since 1948 and 1960 
respectively, many of which are international degree programs. 

Research Excellence
Mahidol University has been continuously active in the fi ght against worldwide infectious diseases such as malaria, and was not 
only the fi rst to raise awareness of drug-resistance in malaria, but also developed the combined use of the artesunate-mefl oquine 
drug combination as the fi rst-line treatment for uncomplicated falciparum malaria. Extensive research on viral diseases includes 
the avian infl uenza (AI) which is of worldwide interest. Our researchers reported the fi rst person-to-person transmission of AI, and 
further used global positioning technology to study the spread of AI by bird migration for the fi rst time in the world.

Researchers at Mahidol University have made important discoveries in thalassemia and hemoglobin diseases for more than 50 
years, including identifying the mechanisms of alpha and beta thalassemia, as well as discovering novel mutations not previously 
discovered elsewhere. This pioneering research has improved prenatal diagnosis of thalassemia, leading to bone marrow trans-
plantation in Southeast Asia and the world’s fi rst successful cord blood transplant for thalassemia. 

Mahidol University has been active not only in the development of new vaccines, but has also been an important vaccine trial 
center for more than 25 years.  This has included trials of vaccines for cholera, rotavirus, poliomyelitis, malaria, varicella, human 
papilloma virus, and human immnunodefi ciency virus (HIV). Most recently researchers worldwide have been excited by the recent 
Phase III HIV-1 vaccine trial, which showed some 30% protective effect, raising hope for the future.

Mahidol University

Special Advertising Section

T-18

“True Success is not in 

the learning, but in its application 

to the benefi t of mankind.”

 - HRH Prince Mahidol



In the sciences, Mahidol University has helped to introduce novel 
technologies to Thailand, including genetic engineering almost 30 
years ago, and protein crystallography 8 years ago.  Various Centers 
of Excellence and research groups perform forefront research, many 
with potential applications. Thus, research on shrimp biotechnol-
ogy has helped to develop test kits for viral diseases and improve 
reproductive performance of shrimp, which has major impact on 
the shrimp industry, an important export earner for Thailand.  Re-
search on the conservation of hornbills has shown the importance 
of mobilizing local communities to become involved in preserving our 
vanishing wildlife for posterity. Other important advances have been 
made in nanotechnology and rubber technology.

Role in the Local and Global Community
Inspired by the words of H.R.H. Prince Mahidol that “True success is not in the learning, but in 
its application to the benefi t of mankind”, Mahidol University places much importance on work-
ing for the local and global community.  Its four hospitals provide healthcare to some 4 million 
outpatients and 140,000 in-patients annually. Its three medical schools produce 350 doctors 

annually to serve the local community, not to 
mention other health science faculties, which 
produce numerous dentists, pharmacists 
and medical technologists for Thailand. 

The university is also highly conscious of the rights of every indi-
vidual, and has established an offi ce for multidisciplinary education 
and research in human rights. This offi ce has one of the few Ph.D. 
degree programs in Human Rights in Asia, and the former director 
represents Thailand in the ASEAN Intergovernmental Commission 
on Human Rights. We also help to fulfi ll the individual’s right to health 
and education by promoting global health and educating disabled 
persons.  Other areas of strength include population and social stud-
ies, and linguistic-cultural studies of ethnic groups. 
 
Then, our belief in global education has made us establish the 

Mahidol University International College, the fi rst of its kind at a public university. With over 20 years of experience, the 
college has one of the most successful international degree programs in Thailand, due to its ability to create a truly 
international atmosphere, while maintaining a strong academic focus.  Another medium for global communication is 
music, so we have established the College of Music, the fi rst complete music conservatory in Thailand, which pro-
duces award-winning musicians and arranges outstanding international concerts. 
 
Located in the cosmopolitan capital Bangkok, Mahidol University can draw on a rich educational, historical, cultural 
and social environment to augment its comprehensive academic resources and diverse research activities. MU has 
several campuses, with one suburban campus, two older inner campuses, and a downtown high-rise offi ce site in 
Bangkok. Then the University is also expanding to other parts of the country, with new campuses in Kanchanaburi, 
Nakhon Sawan and Amnaj Charoen provinces.

Mahidol University’s motto ‘attanam uppamam kare’ in the ancient language 
of Pali, translates into “One should care about others as one cares about 
oneself.” This philosophy is the underlying theme pervading the university’s 
activities as it endeavors to imbue graduates with the conviction that, apart 
from academic achievement, they have equal responsibility to improve the 
quality of life of their fellow human beings and make the world a better place 
to live in.

Special Advertising Section

For more information, 
please contact:

Mahidol University Offi ce
272 Rama VI Road, Ratchathewi

Bangkok 10400, Thailand
 

International Relations Division Offi ce:
Tel: (66) 2849-6230

E-mail: opinter@diamond.mahidol.ac.th 
Website: http://www.mahidol.ac.th

Mahidol University 

has always strived for educational 

excellence, outstanding research, 

leadership in healthcare services, 

and global outlook.
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Academic Excellence in Science and Technology
Suranaree University of Technology (SUT), Thailand’s fi rst public autonomous university, aims to thrive 
though fl exibility and effi ciency in its administration through the promotion of academic freedom in its 
operations and its vision to become a learning organization with academic excellence in science and 
technology. 

Since its establishment, SUT has constantly proved itself by standing 
at the forefront of higher education institutions in the country and in the 
Asia-Pacifi c region. With careful development and fast and steady progress, it has produced 
numerous outstanding achievements that are well-recognized by the public, both nationally and 
internationally. Highlights of these concrete achievements include its well-earned status as being 
among the nine National Research Universities selected by the Royal Thai Government for the 
year 2010 and its rank at the highest level among research and teaching universities in Thailand 
in a survey conducted by the Offi ce of National Education Standards and Quality Assessment 
in 2009 which places SUT as No.1 in the Public University group and in second place in the All 

University category.

Moreover, SUT’s School of Physics was ranked No. 1 and 
its School of Chemistry rated as excellent in 2008, while in 
2007 it was ranked in the “Outstanding” group among sci-
ence and technology universities by the Thailand Research 
Fund, etc.  Many of SUT staff members (of more than 75% 
PhD) have been recognized internationally, as can be seen 
from awards they have won such as the Galileo Galilei Med-
al, the Third Word Academy of Science (TWAS) for Young 
Scientist Award, the Best Paper Award and the Taguchi 
Award, refl ecting just some of these achievements.

For research, SUT has set up centers of excellence in vari-
ous research disciplines with research centers established 
around physics, chemistry, biochemistry and molecular bi-
ology, biological sciences, agriculture and engineering. Its 

target-based research projects are grouped into principal clusters, such as Advanced Materials 
Research, Fundamental and Theoretical Sciences, Advanced Alternative Energy Development 
and Effi ciency and Protein and Agro Technology. Research results and products from these clus-
ters have been well received by the wider public, such as cloning technology, stem cell technolo-
gy, an ethanol fuel generator, a biomass power plant and cassava production enhancement, etc. 

In addition to SUT’s pioneering Co-operative Education 
provision, the establishment of a Technopolis and its in-
tegration into the university’s structure has been another 
innovative idea. The Technopolis houses the SUT Science 
Park, which is a signifi cant foundation for the country’s 

scientifi c and technological developments. 

In the year 2010, SUT celebrates its 20th anniversary. As it steps into its third decade, SUT 
is strongly determined to maintain excellence in all its missions. It pledges itself more to 
assiduous production of high-quality manpower in science and technology, relentless cre-
ation of more innovations, continuous expansion of its academic cooperation with foreign 
universities and incessant development to attain the true status of an international university. 

Suranaree University of 
Technology
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For more information, 
please contact:

Suranaree University of Technology
111 University Ave., Muang District

Nakhon Ratchasima 30000 
Thailand

Tel: (66) 44 223 000 
Fax: (66) 44 224 017

www.sut.ac.th

Professor Dr. Prasart Suebka
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SUT  has set up Centers 

of Excellence in the following 

research disciplines: Physics, 

Chemistry, Biochemistry and 

Molecular Biology, Biological 

Sciences, Agriculture, and En-

gineering.
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Amid all the political battlefronts in the effort to reform our multi - 
trillion-dollar health care system, some of the most potentially 
worthwhile initiatives have received little notice—and the notice 
they have received has threatened to undo them. Each of the 
health care bills under consideration as we went to press creates 
a government-supported institute to oversee research comparing 
the effectiveness of existing medical treatments and practices. The 
American Recovery and Reinvestment Act of 2009 also allotted 
$1.1 billion to comparative effectiveness research (CER), whose 
results are expected to begin appearing within a year or so. 

To guide the spending of that money, the National Institute of 
Medicine made a priority list of situations for which data about 
outcomes are badly needed—for 
instance, comparing the effective-
ness of various medical and behav-
ioral interventions to prevent the 
elderly from falling (the complica-
tions of which are a leading cause 
of death), comparing assorted 
drugs and surgeries alone or in 
combination in the treatment of 
specific cancers, comparing the ef-
fectiveness of different implants 
and devices for treating hearing 
loss, and so forth. In most cases, 
the recommendations explicitly 
state the goal is to compare the ef-
fectiveness of treatments and prac-
tices in specific patient popula-
tions. In other words, not to seek 
one-size-fits-all answers. 

Yet many people have gotten 
the wrong impression that CER is little more than an excuse to 
ration care. In early December, Senator Lisa Murkowski of Alas-
ka attempted to insert an amendment to the health care bill for-
bidding insurers from denying coverage of medical tests or treat-
ments based on comparative effectiveness research findings. She 
was responding to the brief but loud controversy over a study last 
fall that questioned the value of routine yearly mammograms for 
women younger than 50. A study panel appointed by the U.S. 
Preventive Services Task Force reviewed available evidence and 
concluded that a blanket recommendation for women to have an-
nual mammograms starting at age 40 is unwarranted. By the 
group’s calculation, the mass screenings incurred a high likeli-

hood of invasive follow-up testing and anxiety while finding a 
relatively small number of cancers that would have been lethal if 
they were caught later. To save 10,000 lives through early detec-
tion of tumors, one analysis found, 19 million women in their 
40s would have to be screened over 10 years. 

Advocates of cutting health spending did not help matters by 
noting that those figures could add up to $20 million per life 
saved. The cost-benefit discussion left the impression that the 
panel had judged the value of those 10,000 hypothetical wom-
en’s lives and decided that the price of saving them was too high. 
But the report could and should have been interpreted different-
ly. It assessed risks, not costs, versus benefits. And it did not say 

that mass screening is ineffec-
tive at catching deadly cancers, 
merely grossly inefficient, which 
is as much a commentary on  
the inadequacies of current 
screening technologies as on  
the ineffectiveness of blanket 
prescriptions. 

To make informed decisions, 
any individual and his or her 
doctor need evidence, so com-
parative effectiveness research 
should, in principle, make more 
personalized medicine possible. 
The goal of CER is not to iden-
tify the most effective test or 
therapy for the great majority 
and impose it on everyone. Nor 
is it to ration health care—if 
CER finds that the more expen-

sive treatment is also the most effective, so be it. 
Senator Murkowski’s amendment was ultimately defeated, 

but Senator Barbara Mikulski of Maryland succeeded in adding 
language to the bill requiring insurers to cover mammograms 
that doctors deem prudent, and Senator David Vitter of Louisi-
ana added, by unanimous consent, a directive telling the govern-
ment to disregard the latest task force recommendations. This 
fear and misunderstanding of comparative effectiveness research 
are unfortunate. Used properly, the CER studies should give us 
better medicine, not take it away. That should make support and 
protection for comparative effectiveness research one of the easi-
est pieces of the health care puzzle to resolve.   ■

Comparatively Easy
Weighing the risks and benefits of medical procedures is unquestionably a good thing

© 2010 Scientific American
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SuStainable developmentS

BY JEFFREY D. SACHS

The breakdown of the Washington policy process  
has four manifestations. First is a chronic inabil-
ity to focus beyond the next election. “Shovel-
ready” projects squeeze out attention to vital 
longer-term strategies that may require a decade 
or more. Second, most key decisions are made in 

congressional backrooms through negotiations with lobbyists, 
who simultaneously fund the congressional campaigns. Third, 
technical expertise is largely ignored or bypassed, while expert 
communities such as climate scientists are falsely and recklessly 
derided by the Wall Street Journal as a conspiratorial interest 
group chasing federal grants. Fourth, there is little way for the pub-
lic to track and comment on complex policy proposals working 
their way through Congress or federal agencies. 

These failings take a special toll on the challenges of sustain-
able development because there is no quick fix, for example, for 
the challenge of large-scale reductions in greenhouse gas emis-
sions. Instead of getting long-term strategies for adopting low-
carbon energy sources, upgrading the power grid, encouraging 
electric transportation and so on, we are getting cash for clunk-
ers, subsidies for corn-based ethanol, and other ineffective and 
highly costly nonsolutions delivered by large-scale lobbying. 

Some free-market economists say sustainable development 
should be left to the marketplace, but the marketplace now offers 
no incentive to reduce carbon emissions. Even putting a levy on 
carbon emissions, either through a carbon tax or carbon-emission 
permits, will not be sufficient. The development and deployment 
of major technologies potentially crucial to more sustainable en-
ergy—such as nuclear power, wind and solar power, biomass con-
version and transport infrastructure—are matters of systems de-
sign requiring a mix of public and private decision making.

Herein lies the policy challenge today. When we let the private 
sector enter into public decision making, we end up with relentless 
lobbying, money-driven politics, suppression of new technologies 
by incumbent interests and sometimes miserable choices devoid of 
serious scientific content. How can business and government work 
together without policies falling prey to special interests?

First, the administration should initiate a more open, transpar-
ent and systematic public-private policy process in each major 
area of sustainable development. Highest priorities would include 
renewable energy, nuclear power and carbon capture and seques-
tration. A high-level roundtable would be established in each area, 
perhaps under the National Academy of Sciences, with represen-
tatives of private business, nongovernmental organizations, gov-

ernment officials, scientists and engineers. The proceedings would 
be open to the public, Web-based, and available for submissions 
and testimony by interested parties. Each roundtable would pre-
pare a report within six to 12 months containing a technical over-
view and policy options, prepared for both the president and Con-
gress. Second, the administration would prepare draft legislation, 
on which the experts on the roundtables and the general public 
would be invited to comment through Web-based submissions. 
Third, the congressional processes, too, would become Web-sup-
ported. Hearings and testimony would be open to the public, and 
Web sites would encourage comments and additional evidence. 

These measures would infuse the policy process with vastly 
more accountability and technical expertise and would help keep 
the lobbying in check. They would open the policy process to the 
public to ensure ample and vigorous discussion. They would force 
the administration and Congress into a systematic review of the 
technical knowledge in each field as a basis for policy making, 
rather than letting misguided policies such as corn-to-ethanol bio-
fuels reap billions in subsidies without public scrutiny. 

Currently lobbyists are still allowed to contribute massively to 
congressional campaigns and to political action committees. The 
largest lobbying sectors—including finance, health care and trans-
port—have spent billions to promote policies that favor narrow 
interests over broader public interests. A major step toward re-

form would be to prohibit 
campaign contributions by 
individuals employed by 
registered lobbying firms. 
The right of individuals to 
make campaign contribu-
tions would not be in-
fringed, but they would 
have to make a choice be-
tween their lobbying activ-
ities and their personal fi-
nancial contributions to 
the political process.  ■

Fixing the Broken Policy Process 
Greater transparency and limits on lobbyist influence would promote better long-range strategies

Jeffrey D. Sachs is director of the Earth Institute at  
Columbia University (www.earth.columbia.edu).

An extended version of this essay is available at  
www.Scientificamerican.com/feb2010

© 2010 Scientific American



To celebrate the return of
the Olympic Games to
North America, Canada is
issuing a three-year silver
dollar set. The 2008 issue,
featuring the familiar
Maple Leaf, quickly sold
out. And then, this April,
the mint cut off production
of the 2009 Thunderbird
issue. These are now sold
out and unavailable. The
2010 silver dollar has just
been released. There is no
telling how long they will
last, but they could be gone
in a heartbeat!

HUGE DEMAND DEPLETED SUPPLY
These Official Vancouver 2010 Olympic Winter Games
coins contain one full Troy ounce content of 99.99%
fine silver and are sought by buyers worldwide. The
2010 issue features ice hockey, Canada’s national
sport, and could prove to be the hottest selling silver
dollar of them all. We don’t know when the mint
will cut off production of this coin as they have done
with the first two, but it could happen at any
moment. So you must ACT NOW!

UNPRECEDENTED OPPORTUNITY!
The first Olympic Games Commemorative coin ever
was issued by Finland in 1951 at a cost of about $13.
Today that coin could cost as much as $674. Not only
are Olympic Games coins sought after, Canadian

Silver Dollars are HOT! You could have purchased a
set of 1946, 1947 and 1948 silver dollars a few years
ago for a few thousand dollars. Today, you could pay
as much as $44,850 to obtain them in the same TOP
QUALITY as these 2010 dollars. No one can predict
the future, but for as little as $21.95 per coin, this is
a HUGE buying opportunity!

ACT NOW—RISK FREE!
We are standing by 24 hours a day, 7 days a week to
accept your call. And rest assured, you may examine
your silver dollars risk free for 30 days. If for any reason
you are not satisfied, simply return them for a full
refund (less s&h).

BUY MORE TO SAVE MORE!
One Vancouver 2010 Ice Hockey Silver Dollar $24.95*
Ten for only $23.95 each* SAVE $10
Bankers Roll (25) for only $22.95 each* SAVE $50
Four Bankers Rolls (100) for only $21.95 each* SAVE $300
*Plus shipping & handling.

Toll-Free 24 hours a day
1-888-201-7664
24 hours a day, 7 days a week
Offer Code VHS136
Please mention this code when you call.

AUTHORIZED LICENSED DISTRIBUTOR
VANCOUVER COINS
14101 Southcross Drive West, Burnsville MN 55337

www.govmint.com/vancouvercoins 
Past performance is not a guaranty of future value.

PRE-SELLOUT

EVENT

Actual size
is 38 mm

2008
GONE!

2009
GONE!

FINAL YEAR VANCOUVER 2010 OLYMPIC WINTER
GAMES SILVER DOLLAR JUST RELEASED!

ACT FAST—EXPECTED TO SELL-OUT IN A FLASH!

GONE...GONE...GOING FAST!

$2195
LOW AS

®

SOLD OUT

SOLD OUT

VHS136_7x10.qxd:ad  12/16/09  5:04 PM  Page 1



30 SC IE NTIF IC AMERIC AN Februar y 2010

SKeptic

By Michael SherMer
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Cultivate Your Garden
how a lack of control leads to superstition and what can be done about it

imagine a time in your life when you felt out of  
control—anything from getting lost to losing a 
job. Now look at the top illustration on this 
page. What do you see? Such a scenario was 
presented to subjects in a 2008 experiment by 
Jennifer Whitson of the University of Texas at 

Austin and her colleague Adam Galinsky of Northwestern Uni-
versity. Their study, entitled “Lacking Control Increases Illusory 
Pattern Perception,” was published in Science.

Defining “illusory pattern perception” (what I call “patternic-
ity”) as “the identification of a coherent and meaningful interre-
lationship among a set of random or unrelated stimuli . . .  (such 
as the tendency to perceive false correlations, see imaginary fig-
ures, form superstitious rituals, and embrace conspiracy beliefs, 
among others),” the researchers’ thesis was that “when individu-
als are unable to gain a sense of control objectively, they will try 
to gain it perceptually.” As Whitson explained the psychology  
to me, “Feelings of control are essential for our well-being— 

we think clearer and make better decisions when we feel we are 
in control. Lacking control is highly aversive, so we instinctive-
ly seek out patterns to regain control—even if those patterns  
are illusory.”

Whitson and Galinsky sat subjects before a computer screen, 
telling one group they must guess which of two images embodied 
an underlying concept the computer had selected. For example, 
they might see a capital A and a lowercase t colored, underlined, 
or surrounded by a circle or square. Subjects would then guess at 
an underlying concept, such as “all capital As are red.” There was 
no actual underlying concept—the computer was programmed to 
tell the subjects randomly that they were either “correct” or “incor-
rect.” Consequently, they developed a sense of lacking control. 

Another group did not receive randomized feedback and so felt 
more in control. In the second part of the experiment subjects 
were shown 24 “snowy” photographs, half of which contained 
hidden images such as a hand, horses, a chair or the planet Saturn 
[see illustration at bottom right], whereas the other half just con-
sisted of grainy random dots. Although nearly everyone saw the 
hidden figures, subjects in the lack-of-control group saw more fig-
ures in the photographs that had no embedded images. 

In another experiment Whitson and Galinsky had subjects 
vividly recall an experience in which they either had full control 
or lacked control over a situation. The subjects then read scenar-
ios in which the characters’ success or failure was preceded by 
unconnected and superstitious behaviors, such as foot stomping 

before a meeting where 
the character wanted to 
have ideas approved. 
The subjects were then 
asked whether they 
thought the characters’ 
behavior was related to 
the outcome. Those who 
had recalled an experi-

ence in which they lacked control perceived a significantly great-
er connection between the two unrelated events than did those 
who recalled an experience in which they had felt control. Inter-
estingly, the low-control subjects who read a story about an em-
ployee who failed to receive a promotion tended to believe that a 
behind-the-scenes conspiracy was the cause.

In their final experiment Whitson and Galinsky created a 
sense of lacking control in two groups of subjects, then asked one 
group to contemplate and affirm their most important values in 
life—a proven technique for reducing learned helplessness. The 
researchers then presented those same snowy pictures, finding 
that those who lacked control but had no opportunity for self-
affirmation saw more nonexistent patterns than did those in the 
self-affirmation condition. 

In 1976 Harvard psychologist Ellen J. Langer and Judith Ro-
din, now president of the Rockefeller Foundation, conducted a 
study in a New England nursing home in which the residents were 
given plants, but only some had the opportunity to water them. 
Those residents who were in charge of watering the plants lived 
longer and healthier lives than the others, even those given plants 
watered by the staff. The sense of control had the apparent effect 
on physical health and well-being. 

Perhaps this is what Voltaire meant at the end of Candide, in 
the title character’s re-
joinder to Dr. Pangloss’s 
proclamation that “all 
events are linked up  
in this best of all possi-
ble worlds”: “’Tis well 
said,” replied Candide, 
“but we must cultivate 
our gardens.”  ■

Michael Shermer is publisher of Skeptic magazine  
(www.skeptic.com) and author of The Mind of the Market.
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When I strolled into the palatial lobby
of the Grand Casino in Monte-Carlo,

I headed straight for the roulette table to
place my one bet for the evening. Of
course, I bet it all on black. Black diamonds
that is. I met our Belgian diamond dealer in
the casino here and he pulled out a black
suede pouch. He had almost 900 carats of
rose cut black diamonds with him. When
he told me the terrific price, I said that I’ll
take them all. Faceted one carat diamonds for
under $200 a carat—maybe this is one time

you can leave a casino
with a winning hand.

Right now, black
diamonds are the
hottest precious
stones in high-end
jewelry. You see them
everywhere, from the
glitz and glamour of
the French Riviera to
the haute-couture fash-
ion houses of London,
Paris and Milan. And
thanks to our priceless
connections with the
Belgium’s top gem 
cutters, Stauer has
found a way to make
black diamonds even
more attractive. 

Introducing the Exclusive Stauer
Rose Cut. Our Black Diamond Ring is a
true stunner in classic black and white. But
what really sets it apart from other black
diamond jewelry is the exclusive Stauer
Rose Cut. You’ll see that we meticulously
engineered the geometry to coax the best
sparkle from the bold black stone. Every
angle and edge catches and bounces back
the light, setting the center stone on fire. 

The Black Diamond Ring features a 
1-carat, rose-cut genuine black diamond
surrounded by 48 brilliant, lab-created
white DiamondAura®. The gem-quality
black diamond is prong-set in the finest
.925 sterling silver and rises up from the
concentric circles, like pond ripples that
sparkle with dozens of fiery facets. The
shoulders are adorned with their own 
glittering epaulets, radiant rows of
DiamondAura® that
draw the eye back to
the diamond center. 

Our buying power
saves you thou-
sands. You can find
similarly designed
black diamond rings
that are selling for
$2,000, $3,000 and
even $4,000 per carat!
How is it possible that

Stauer can offer our spectacular Black
Diamond Ring for less than $200? It’s 
simple, really. Since we buy literally 
millions of carats of precious gemstones
every year, no one can touch our price.

Try our Black Diamond Ring. And, if
for any reason, you find yourself looking
like less than a million bucks, just return
the Black Diamond Ring within 30 days
for a refund of your purchase price. But, be
warned. Once you’ve had a taste of the
“good life”, there’s no turning back.
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- 1 ctw genuine black diamond   
- 48 scientifically-grown DiamondAura®

- .925 sterling silver setting   - Ring sizes 5–10
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Experience some of that old black magic at an unbelievable price: a genuine 1-carat 
Black Diamond Ring now under $200!      
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“An exquisite 1 carat black
diamond for under $200—
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diamond ring at an
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CritiCal mass

By L awrence m. Krauss
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I have seen the future, and it is now.
Those words came to mind again as I recent-

ly listened to Craig Venter, one of those leading 
the new areas of synthetic genomics and syn-
thetic biology. Every time I hear a talk on this 
subject, it seems a new threshold in the artificial 

manipulation and, ultimately, creation of life has been passed.
Consider just some of the progress associated with the J. Craig 

Venter Institute. In 2003 its researchers created a synthetic ver-
sion of the bacteriophage phiX174. In 2007 they successfully 
transformed one species of bacteria to another by genome trans-
plantation. Most recently, they developed methods for the com-
plete synthetic assembly of the genome of the bacte-
rium Mycoplasma genitalium.

The techniques now developed make the feat of 
sequencing the human genome in 2001 seem 
prehistoric. Not only have the cost and speed 
of sequencing evolved faster than those of 
computer chips, but the ability to use both 
chemistry and biology to synthesize new 
complex organisms has undergone a rev-
olution in the past five years. Instructions 
embedded in synthetic gene sequences 
can now be implanted in foreign cells 
and thereby cause those cells to express 
proteins; those proteins, in turn, build 
new functioning copies of the life-forms 
whose instruction manual is in the embedded 
sequences. Venter calls this cycle “software that creates its own 
hardware.” I expect to hear news soon of the successful creation 
of the first completely artificial life-form, built from scratch and 
not alive until the scientists assembled it. 

Semiconductor nanotechnology has been heralded for more 
than a decade, but I believe it will pale beside the ability of bio-
technology to transform life and society. Imagine the impact of 
piggybacking on nature’s majesty and designing living systems 
that can perform tasks not found in nature, from microbes that 
make gasoline or eat carbon dioxide to create nonbiodegradable 
plastic building materials to organisms designed to surgically and 
strategically operate on cancer cells. I expect that within 50 years 
the world’s economy will be driven not by computer-generated in-
formation but by biologically generated software. 

Of course, as Spiderman would say, with great power comes 
great responsibility. Hackers now create software viruses that pe-

riodically disable huge computer networks. With the ability to 
make DNA sequences to order has risen the specter of garage-
based DNA hackers who might terrorize the world—intentionally 
or accidentally—by re-creating the Ebola virus or the 1918 flu. 
Each of those disease organisms has a genetic code far smaller 
than that of the recently synthesized M. genitalium. One could 
also imagine producing, again perhaps unwittingly, viruses that 
are immune to existing vaccines.

Some may fear the existence of new life-forms that might at-
tack all life on earth or at least human life. This fear is probably 
misplaced. Life has survived for more than three billion years be-
cause it is robust, and almost no mutations can easily outwit the 

defense mechanisms built up through eons of exposure to 
potential path o gens. Venter’s argument that new natural-
ly emerging diseases are a far greater threat than new ar-

tificial diseases seems relatively compelling.
Nevertheless, there have been, until fairly re-
cently, few checks on the unfettered reproduc-
tion of genetic information. As the ability to 

synthesize more complex biological sys-
tems has increased, however, the research 
community has put in place a voluntary sys-
tem of restrictions, for example, on the ful-

fillment of commercial orders for genetic se-
quences that correspond to portions of po-
tentially lethal organisms. At present, the 
technological know-how associated with de-
veloping synthetic biology laboratories with 

malice aforethought is probably beyond the means of even sophis-
ticated terrorist networks. Moreover, it is important not to let mis-
placed fears of Armageddon unduly restrict scientific work with 
great potential to benefit humankind.

I have always felt that, aside from research that violates univer-
sal human mores, when it comes to technological applications, 
that which can be done will be done. What we need to do is rig-
orously attempt to anticipate what may be possible so that we can 
minimize the risks and maximize the benefits. We need to walk 
into the future, no matter how unnerving, with open eyes if soci-
ety is to keep pace with technology.  ■

Lawrence M. Krauss, a theoretical physicist, commentator 
and book author, is Foundation Professor and director  
of the Origins Initiative at Arizona State University  
(http://krauss.faculty.asu.edu).

The Real Promise of Synthetic Biology
scientists are closing in on the ability to make life from scratch, with potential consequences both good and bad

© 2010 Scientific American



As we prepare to mark the tenth anniversary of the new millennium, the challenges 
of education, innovation and a re-invigorated workforce resonate with unprecedented 
urgency. These challenges are as diverse as the global knowledge enterprise itself, 
requiring consideration of their technological, political, economic, social and, perhaps 
most importantly, human dimensions. 

SCIENTIFIC AMERICAN’s fi rst program in its new Decade2 series explores education’s 
most pressing challenges and most promising potential in the globally connected 
21st century. Decade2/Education is a unique stage for policymakers, scientists, 
education leaders and innovative teachers to lead the discussion on creating 
productive educational environments. 

Sponsored by Amgen, our Decade2/Education event in Washington, D.C. 
on December 8, 2009 brought together some of the best minds on the 
subject including:

The Honorable Bart Gordon
U.S. Representative, TN-6, Chairman of the House Committee on Science and Technology

The Honorable Kristina Johnson
Undersecretary of Energy

Robert M. Lippincott
Senior Vice President, Education, PBS

The Honorable Anthony Wilder Miller
Deputy Secretary U.S. Department of Education

Patricia Shane
President of National Science Teachers Association

 Be sure to visit
 www.sa-decade2.com 
 to watch highlights from the discussions 
 and for more information about steps we can take.  

The Decade2 initiative is an ongoing program, leveraging SCIENTIFIC AMERICAN’s 
convening power to assemble the greatest minds in research, public policy and 
the private sector to address the most pressing issues facing the world today, and 
uncovering innovative, actionable solutions. 
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I f there is anything you think astronomers 
would have figured out by now, it is how 
stars form. The basic idea for how stars 

form goes back to Immanuel Kant and Pierre-
Simon Laplace in the 18th century, and the de-
tails of how they shine and evolve were worked 
out by physicists in the first half of the 20th cen-
tury. Today the principles that govern stars are 
taught in middle school, and exotica such as 
dark matter dominate the headlines. It might 
seem that star formation is a problem that has 
been solved. But nothing could be further from 
the truth. The birth of stars remains one of the 
most vibrant topics in astrophysics today.

In the simplest terms, the process represents 
the victory of gravity over pressure. It starts 
with a vast cloud of gas and dust floating in in-
terstellar space. If the cloud—or, more often, a 
dense part of such a cloud called a core—is cool 
and dense enough, the inward pull of its gravity 
overpowers the outward push of gaseous pres-
sure, and it begins to collapse under its own 
weight. The cloud or core becomes ever denser 
and hotter, eventually sparking nuclear fusion. 
The heat generated by fusion increases the inter-
nal pressure and halts the collapse. The new-
born star settles into a dynamic equilibrium 
that can last millions to trillions of years.

The theory is self-consistent and matches a 

Key ConCepts
Although astronomers’  ■

theory of star forma-
tion has advanced sub-
stantially in recent 
years, it still has serious 
holes. Stars form out  
of gaseous clouds that 
collapse, yet where  
do those clouds come 
from and what makes 
them collapse? 

In addition, standard  ■

theory treats stars in 
isolation, neglecting 
their interactions  
and blowback on their 
natal clouds.

Astronomers are mak- ■

ing progress on filling 
in these gaps. For in-
stance, they have seen 
how massive stars can 
trigger the collapse of 
clouds and how new-
born stars fling one an-
other into deep space. 

—The Editors

astronomy

Making a star is no easy thing 
Stars
Cloudy with 

a Chance of 
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By Erick T. Young

© 2010 Scientific American



FrenetIc StAr FOrMAtIOn near the core of the 
galaxy M83 was captured last year by the 
Hubble Space telescope’s new Wide Field 
camera 3. Standard theories fail to account for 
the emergence of the massive bluish stars or 
the way they return energy to the gaseous 
clouds out of which they form.

© 2010 Scientific American
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[StAndArd tHeOry]
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massive stars blast their surroundings with ul-
traviolet radiation, high-velocity outflows and 
supersonic shock waves. This energy feedback 
disrupts the cloud, yet the standard theory does 
not take it into account.

The need to address these shortcomings has 
become increasingly pressing. Star formation 
underlies almost everything else in astronomy, 
from the rise of galaxies to the genesis of plan-
ets. Without understanding it, astronomers 
cannot hope to dissect distant galaxies or make 
sense of the planets being discovered beyond 
our solar system. Although final answers re-
main elusive, a common theme is emerging: a 
more sophisticated theory of star formation 
must consider the environment of a fledgling 
star. The final state of the new star depends not 
only on initial conditions in the core but also on 
the subsequent influences of its surroundings 
and its stellar neighbors. It is nature versus nur-
ture on a cosmic scale.

Swaddled in Dust
If you look at the sky from a dark site, far from 
city lights, you can see the Milky Way arching 
over you, its diffuse stream of light interrupted 
by dark patches. These are interstellar clouds. 
The dust particles in them block starlight and 
make them opaque to visible light. 

growing body of observations. Yet it is far from 
complete. Every sentence of the above para-
graph cries out for explanation. Four questions, 
in particular, trouble astronomers. First, if the 
dense cores are the eggs of stars, where are the 
cosmic chickens? The clouds must themselves 
come from somewhere, and their formation is 
not well understood. Second, what causes the 
core to begin collapsing? Whatever the initia-
tion mechanism is, it determines the rate of star 
formation and the final masses of stars.

Third, how do embryonic stars affect one  
another? The standard theory describes individ-
ual stars in isolation; it does not say what hap-
pens when they form in close proximity, as most 
stars do. Recent findings suggest that our own 
sun was born in a cluster, which has since dis-
persed [see “The Long-Lost Siblings of the 
Sun,” by Simon F. Portegies Zwart; Scientific 
American, November 2009]. How does grow-
ing up in a crowded nursery differ from being 
an only child?

Fourth, how do very massive stars manage to 
form at all? The standard theory works well for 
building up stars of as much as 20 times the 
mass of the sun but breaks down for bigger 
ones, whose tremendous luminosity should 
blow away the cloud before the nascent star can 
accumulate the requisite mass. What is more, 

[tHe AutHOr]

erick t. young got his start in 
astronomy at age 10 by building  
a telescope out of a cardboard 
tube. He is now director of Science 
Mission Operations for the Strato-
spheric Observatory for Infrared 
Astronomy (SOFIA). young was an 
astronomer at Steward Observato-
ry of the university of Arizona  
from 1978 until 2009. He has been 
on the science teams for nearly 
every major infrared space facility, 
including the Infrared Astronomi-
cal Satellite, the Infrared Space 
Observatory, the nIcMOS camera 
and the Wide Field camera 3  
on the Hubble Space telescope,  
the Spitzer Space telescope  
and the upcoming James Webb  
Space telescope.

A Star Is Born—With difficulty 

PrOBLeM #3: How do the embryos affect one another? 
the standard theory of star formation treats  
stars in isolation. 

The standard theory of star formation neatly explains isolated low- to medium-mass stars but leaves many conceptual gaps. 

cLOud

core

Protostar

Star formation begins with a giant molecular 
cloud, a cold, nebulous mass of gas and dust.

the core fragments into multiple stellar embryos. In 
each, a protostar nucleates and pulls in gas and dust. 

Within the cloud, an especially dense subcloud of gas and 
dust—known as a core—collapses under its own weight. 

PrOBLeM #1: Where does the cloud come from? 
A mixture of material produced in the big bang  
or ejected from stars must somehow coagulate. 

PrOBLeM #2: Why does the core collapse?  
the model does not specify how the balance  
of forces that stabilizes the cloud is disrupted.

© 2010 Scientific American
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PrOBLeM #4: How do massive stars form?  
nascent stars above 20 solar masses are so luminous that they would be 
expected to disrupt their own formation, as well as that of nearby stars.

Massive star

other elements amount to a few percent. Some 
of this material is primordial matter barely dis-
turbed since the first three minutes of the big 
bang; some is cast off by stars during their life-
times; and some is the debris of exploded stars. 
Stellar radiation breaks any molecules of hy-
drogen into their constituent atoms [see “The 
Gas between the Stars,” by Ronald J. Reynolds; 
Scientific American, January 2002].

Initially the gas is diffuse, with about one hy-
drogen atom per cubic centimeter, but as it cools 
it coagulates into discrete clouds, much as water 
vapor condenses into clouds in Earth’s atmo-
sphere. The gas cools by radiating heat, but the 
process is not straightforward, because there are 
only a limited number of ways for the heat to es-
cape. The most efficient turns out to be far-in-
frared emission from certain chemical elements, 
such as the radiation emitted by ionized carbon 

Consequently, those of us who seek to ob-
serve star formation face a fundamental prob-
lem: stars cloak their own birth. The material 
that goes into creating a star is thick and dark; 
it needs to become dense enough to initiate nu-
clear fusion but has not done so yet. Astrono-
mers can see how this process begins and how 
it ends, but what comes in the middle is inher-
ently hard to observe, because much of the ra-
diation comes out at far-infrared and submilli-
meter wavelengths where the astronomer’s tool-
box is rel atively primitive compared with other 
parts of the spectrum.

Astronomers think that stars’ natal clouds 
arise as a part of the grand cycle of the interstel-
lar medium, in which gas and dust circulate 
from clouds to stars and back again. The medi-
um consists primarily of hydrogen; helium 
makes up about one quarter by mass, and all the 

Protostar Sunlike star

Planet

the protostar shrinks in size, increases in density and officially becomes a star when nuclear fusion begins in its core.  
Planets emerge from the leftover material swirling around it.

© 2010 Scientific American
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wavelengths. Over the past several years two 
teams have used the Spitzer Space Telescope to 
make a comprehensive survey of them: the Ga-
lactic Legacy Infrared Midplane Survey Ex-
traordinaire (GLIMPSE) led by Edward B. 
Churchwell of the University of Wisconsin–
Madison and the MIPSGAL survey led by Sean 
Carey of the Spitzer Science Center. These 
clouds appear to be the missing link between 
molecular clouds and protostars.

In fact, dark clouds and dense cores could 
represent the crucial formative stage of stars 
when their masses are determined. The clouds 
come in a range of masses; small ones are more 
common than large ones. This distribution of 
masses closely mimics that of stars—except that 
the clouds are systematically three times more 
massive than stars, suggesting that only one 
third of the mass of a cloud ends up in the new-
born star. The rest is somehow lost to space. 

Whether this similarity in distributions is 
causal or just coincidental remains to be proved. 
Whatever sets the mass of a star determines its 
entire life history: whether it is a massive star 
that dies young and explodes catastrophically or 
a more modest star that lives longer and goes 
more gently into that good night.

What Pulled the Trigger?
Astronomers are also making some progress on 
the second major unresolved problem, which is 
what causes a cloud or core to collapse. In the 
standard model of star formation, a core begins 
in beautiful equilibrium, with gravity and exter-
nal pressure balanced by internal thermal, mag-
netic or turbulent pressure. Collapse begins 
when this balance is upset in favor of gravity. 

at a wavelength of 158 microns. Earth’s lower 
atmosphere is opaque at these wavelengths, so 
they must be observed using space-based obser-
vatories such as Herschel Space Observatory, 
launched last year by the European Space Agen-
cy, or telescopes mounted in airplanes, such as 
the Stratospheric Observatory for Infrared As-
tronomy (SOFIA).

As the clouds cool, they become denser. 
When they reach about 1,000 atoms per cubic 
centimeter, they are thick enough to block ultra-
violet radiation from the surrounding galaxy. 
Hydrogen atoms can then combine into mole-
cules through a complicated process involving 
dust grains. Radio observations have shown 
that molecular clouds contain compounds rang-
ing from hydrogen (H2) up to complex organics, 
which may have provided the wherewithal for 
life on Earth [see “Life’s Far-Flung Raw Mate-
rials,” by Max P. Bernstein, Scott A. Sandford 
and Louis J. Allamandola; Scientific Ameri-
can, July 1999]. Beyond this stage, however, 
the trail goes cold. Infrared observations have 
revealed nascent stars deeply embedded in dust 
but have trouble seeing the earliest steps leading 
from molecular cloud to these protostars.

The situation for the very earliest stages of 
star formation began to change in the mid-
1990s, when the Midcourse Space Experiment 
and the Infrared Space Observatory discovered 
clouds so dense (more than 10,000 atoms per 
cubic centimeter) that they are opaque even to 
the thermal infrared wavelengths that usually 
penetrate dusty regions. These so-called infra-
red dark clouds are much more massive (100 to 
100,000 times the mass of the sun) than clouds 
that had been previously discovered at optical 

Other Ways  
that stars 
Mystify
How fast do stars form? That is 
another question with which astron-
omers have struggled. The crucial 
choke point is the final stage of 
collapse, after a protostar has nucle-
ated but before it has bulked up by 
accreting gas. A team led by Neal J. 
Evans II of the University of Texas at 
Austin has observed nearby star-
forming complexes with the Spitzer 
Space Telescope and found that 
accretion occurs at a very unsteady 
rate. The star rapidly builds up to half 
its final mass, but its growth then 
slows; it takes more than 10 times  
as long to accumulate the rest. The 
overall process takes much longer 
than previously estimated.

Another problem is that the gas in 
molecular clouds is highly turbulent 
and moving at supersonic velocities. 
What stirs it up? Embryonic stars 
themselves might be responsible. 
Almost all protostars spray out 
high-velocity jets [see “Fountains of 
Youth: Early Days in the Life of a 
Star,” by Thomas P. Ray; Scientific 
AmericAn, August 2000]. Co
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[PrOBLeM #1]

the dark Origins of 
Interstellar clouds
Astronomers have gradually identified the stages by which 
clouds coalesce from diffuse interstellar gas and become 
progressively denser. The stage immediately prior to 
protostar formation is represented by so-called infrared 
dark clouds. Opaque even to infrared light, they show up 
as black streaks in this image from the Galactic Legacy 
Infrared Midplane Survey Extraordinaire (GLIMPSE), 
performed by the Spitzer Space Telescope. Their size and 
mass are just right for forming stars.

Infrared dark cloud

© 2010 Scientific American
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Life in a Stellar Nursery
Leaving aside the above deficiencies, the stan-
dard model explains observations of isolated 
star-forming cores fairly well. But many, per-
haps most, stars form in clusters, and the model 
does not account for how this congested envi-
ronment affects their birth. In recent years 
researchers have developed two competing the-
ories to fill in this gap. The great advance in the 
computing power available for simulations has 
been crucial in honing these theories. Observa-
tions, notably by Spitzer, are helping astrono-
mers to decide between them.

In one, interactions between adjacent cores 
become important. In the extreme version, many 
very small protostars form, move rapidly through 
the cloud and compete to accrete the remaining 

But what triggers the imbalance? Astronomers 
have proposed many different ways. An outside 
force such as a supernova explosion might com-
press the cloud, or the internal pressure might 
ebb as heat or magnetic fields dissipate.

Charles Lada of the Harvard-Smithsonian 
Center for Astrophysics (CfA), João Alves of the 
European Southern Observatory (ESO) and 
their co-workers have argued for the slow dissi-
pation of thermal support. By mapping molecu-
lar clouds at millimeter and submillimeter wave-
lengths, which straddle the radio and infrared 
bands, they have been able to identify a large 
number of relatively quiescent, isolated cores in 
nearby clouds. Some show evidence of slow in-
ward motions and may be on their way to mak-
ing stars. An excellent example is Barnard 335, 
located in the constellation Aquila. Its density 
structure is just what would be expected if the 
cloud’s thermal pressure were nearly in equilib-
rium with external pressure. An infrared source 
in the center may be an early-stage protostar, 
suggesting that the balance recently tilted in fa-
vor of collapse.

Other studies find evidence for external trig-
gering. Thomas Preibisch of the Max Planck In-
stitute for Radio Astronomy in Bonn and his col-
laborators have showed that widely distributed 
stars in the Upper Scorpius region all formed 
nearly in unison. It would be quite a coincidence 
for the internal pressure of different cores to dis-
sipate at the same time. A likelier explanation is 
that a shock wave set off by a supernova swept 
through the region and induced the cores to col-
lapse. The evidence is ambiguous, however, be-
cause massive stars disrupt their birthplaces, 
making it difficult to reconstruct the conditions 
under which they formed. Another limitation 
has been the difficulty of seeing lower-mass stars 
(which are dimmer) to confirm that they, too, 
formed in synchrony.

Spitzer has made progress on these questions. 
Lori Allen of the National Optical Astronomy 
Observatory, Xavier P. Koenig of the CfA and 
their collaborators have discovered a striking ex-
ample of external triggering in a region of the 
galaxy known as W5 [see box at right]. Their im-
age shows young protostars embedded in dense 
pockets of gas that have been compressed by ra-
diation from an earlier generation of stars. Be-
cause compression is a rapid process, these wide-
ly scattered objects must have formed almost si-
multaneously. In short, the triggering of star 
formation is not an either-or situation, as once 
thought. It is case of “all of the above.”Co
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[PrOBLeM #2]

 In the W5 region of the galaxy, 
massive stars (which look bluish) have 
cleared out a cavity in a molecular cloud. 
On the rim of the cavity are protostars 
(embedded in whitish and pinkish gas) 
that are all roughly the same age, indicat-
ing that their formation was triggered by 
the massive stars; other processes would 
not have been so synchronized.

 In the cluster NGC 2068, protostars 
are lined up like pearls on a string. 
Though widely scattered, they have 
formed almost simultaneously,  
and again the most likely culprit is  
a group of nearby massive stars.

the Onset of collapse 
Astronomy textbooks are vague as to how clouds become destabilized and collapse.  
New Spitzer infrared images reveal that nearby massive stars are often responsible.

© 2010 Scientific American
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gas. Some grow much bigger than others, and the 
losers may be ejected from the cluster altogether, 
creating a class of stellar runts that roam the gal-
axy. This picture, called competitive accretion, 
has been championed by Ian Bonnell of the Uni-
versity of St. Andrews, Matthew Bate of the Uni-
versity of Exeter, and others.

In the alternative model, the main external 
influence is not interactions among cores but tur-
bulence within the gas. The turbulence helps to 
trigger collapse, and the size distribution of stars 
reflects the spectrum of turbulent motions rath-
er than a later competition for material. This tur-
bulent-core model has been developed by Chris-
topher McKee of the University of California, 
Berkeley, Mark Krumholz of the University of 
California, Santa Cruz, and others.

Observations seem to favor the turbulent-
core model [see “The Mystery of Brown Dwarf 
Origins,” by Subhanjoy Mohanty and Ray Jay-
a  ward hana; Scientific American, January 
2006], but the competitive-accretion model may 
be important in regions of particularly high stel-
lar density. One very interesting case is the fa-
mous Christmas Tree Cluster (NGC 2264) in 
the constellation Monoceros. In visible light, 
this region shows a number of bright stars and 
an abundance of dust and gas—hallmarks of 

star formation. Spitzer observations have re-
vealed a dense embedded cluster with stars in 
various stages of development. This cluster pro-
vides a snapshot of precisely those stages when 
either turbulence or competitive accretion would 
leave its mark.

The youngest stars, identified as those with 
the largest proportion of emission at long wave-
lengths, are clumped in a tight group. Paula S. 
Teixeira, now at ESO, and her collaborators 
have shown that they are spaced roughly every 
0.3 light-year. This regular pattern is just what 
would be expected if dense cores were gravita-
tionally collapsing out of the general molecular 
cloud, suggesting that the initial conditions in 
the cloud are what determine the road to col-
lapse. And yet, even though the observations 
support the turbulent model, the images have 
good enough resolution to tell that some of the 
supposed protostars are not single objects but 
compact groups of objects. One consists of 10 
sources within a 0.1-light-year radius. These ob-
jects have such a high density that competitive 
accretion must be taking place, at least on a 
small scale.

Therefore, as with triggering mechanisms, 
the effect of the stellar environment is not an ei-
ther-or choice. Both turbulence and competitive 
accretion can operate, depending on the situa-
tion. Nature seems to take advantage of every 
possible way to make a star.

Supersize This Star
Massive stars are rare and short-lived, but they 
play a very important role in the evolution of gal-
axies. They inject energy into the interstellar 
medium via both radiation and mass outflows 
and, at the end of their lives, can explode as 
supernovae, returning matter enriched in heavy 
elements. The Milky Way is riddled with bubbles 
and supernova remnants created by such stars. 
Yet the standard theory has trouble explaining 
their formation. Once a protostar reaches a 
threshold of about 20 solar masses, the pressure 
exerted by its radiation should overpower grav-
ity and prevent it from growing any bigger. In 
addition to the radiation pressure, the winds that 
so massive a star generates disperse its natal 
cloud, further limiting its growth as well as inter-
fering with the formation of nearby stars.

Recent theoretical work by Krumholz and 
his collaborators offers one way out of this prob-
lem. Their three-dimensional simulations show 
stellar growth in all its unexpected intricacy. 
The inflow of material can become quite non- Co
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Life in a crowded nursery 
Contradicting the assumptions made in the standard model of star formation, newborn 
stars can interfere with one another’s formation. Spitzer has found an example in the Christ-
mas Tree Cluster (NGC 2264), which contains a dense cluster of stars of varying ages. At 
high resolution, some of the youngest “stars” turn out to be tight groupings of protostars—

as many as 10 of them within a radius of 0.1 light-year, close enough to affect one another.

[PrOBLeM #3]

infrared 101
The interstellar clouds where stars 
form look like black splotches in visible 
light but come alive at infrared and 
radio wavelengths.

Infrared radiation has a wavelength of 
one to 1,000 microns, or one millime-
ter. Matter with temperatures be-
tween three and 3,000 kelvins emits 
radiation that peaks in this band.

Near-infrared radiation is the short-
wavelength end of this range, rough-
ly one to five microns. It is mostly 
starlight that has been modestly 
attenuated by dust.

Mid- and far-infrared radiation 
extends up to about 300 microns. 
Dust emission is the primary source.  
It is hard to see from the ground 
because Earth itself emits in this band 
and because Earth’s atmosphere 
blocks most of the celestial emission.

Submillimeter radiation, the band 
from 300 to 1,000 microns, is a good 
place to see cold interstellar material.

Radio waves are everything longer 
than that.

© 2010 Scientific American
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limeter Array (ALMA), now under construc-
tion in the Chilean Andes, will allow mapping 
of individual protostars in exquisite detail.

With new observations, astronomers hope to 
trace the complete life cycle of the interstellar 
medium from atomic clouds to molecular clouds 
to prestellar cores to stars and ultimately back 
into diffuse gas. They also hope to observe star-
forming disks with enough angular resolution 
to be able to trace the infall of material from the 
cloud, as well to compare the effects of different 
environments on stellar birth.

The answers will ripple out into other do-
mains of astrophysics. Everything we see—gal-
axies, interstellar clouds, stars, planets, people—

has been made possible by star formation. Our 
current theory of star formation is not a bad one, 
but its gaps leave us unable to explain many of 
the most important aspects of today’s universe. 
And in those gaps we see that star formation is a 
richer process than anyone ever predicted.  ■

uniform; dense regions alternate with bubbles 
where the starlight streams out. Therefore, the 
radiation pressure may not pose an obstacle to 
continued growth after all. The dense infalling 
material also readily forms companion stars, 
explaining why massive stars are seldom alone. 
Observers are now looking for confirmation us-
ing Spitzer surveys of massive star-forming re-
gions. But verifying the model will be tricky. 
The rarity and short lives of these stars make 
them hard to catch in the act of forming.

Fortunately, new facilities will soon help 
with this and the other questions posed by star 
formation. Herschel and SOFIA, a Boeing 747 
that flies above 99 percent of the obscuring wa-
ter vapor of Earth’s atmosphere, will observe 
the far-infrared and submillimeter wavelengths 
where star formation is easiest to see. They have 
the spatial and spectral resolution needed to 
map the velocity pattern in interstellar clouds. 
At longer wavelengths, the Atacama Large Mil-fr
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Spitzer and Magellan Observa-
tions of nGc 2264: A remarkable 
Star-Forming core near IrS-2.  
Erick T. Young et al. in Astrophysical 
Journal, Vol. 642, No. 2, pages 
972–978; May 10, 2006.  
arxiv.org/abs/astro-ph/0601300

the Formation of Massive Star 
Systems by Accretion. Mark R. 
Krumholz et al. in Science, Vol. 323, 
pages 754–757; January 15, 2009. 
arxiv.org/abs/0901.3157

the Violent, Mysterious dynamics 
of Star Formation. Adam Frank  
in Discover; February 2009. Available 
at http://discovermagazine.
com/2009/feb/26-violent-mysteri-
ous-dynamics-of-star-formation

Breaking through the Mass ceiling 
Recent computer simulations of star formation show that a massive star is able to reach a seemingly impossible size because it does not grow uniformly. 
Radiation emitted by the protostar pushes gas away, creating giant voids (bubbles) within the gas, but does not completely choke off the inward flow of gas, 
because material collects into filaments in the interstices of these voids.

[PrOBLeM #4]

17,500 YEARS: A protostar 
has formed, and gas falls in 
nearly uniformly. Gravitational 
potential energy released by 
the descent of the gas causes  
it to glow.

25,000 YEARS: When the 
protostar has grown to about 
11 solar masses, the disk 
around it becomes gravita-
tionally unstable and develops 
a spiral shape.

34,000 YEARS: When the 
protostar exceeds 17 solar 
masses, radiation pushes  
gas out, creating bubbles.  
But gas still flows in around 
them. Smaller protostars form.

41,700 YEARS: One of the 
small protostars grows faster 
than the central one and soon 
rivals it in size. Accretion is not 
only uneven in space but also 
unsteady in time.

55,900 YEARS: Simulation 
ends as the central star reaches 
42 solar masses and its com-
panion 29. Some 28 solar 
masses of gas remain and will 
probably fall in eventually.

denSIty ALOnG AXIS

denSIty PerPendIcuLAr tO AXIS

3,000 Au
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Among primates, humans are unique in 
having nearly naked skin. Every other 
member of our extended family has a 

dense covering of fur—from the short, black pel-
age of the howler monkey to the flowing copper 
coat of the orangutan—as do most other mam-
mals. Yes, we humans have hair on our heads 
and elsewhere, but compared with our relatives, 
even the hairiest person is basically bare. 

How did we come to be so denuded? Scholars 
have pondered this question for centuries. Find-
ing answers has been difficult, however: most of 
the hallmark transitions in human evolution—

such as the emergence of upright walking—are 
recorded directly in the fossils of our predeces-
sors, but none of the known remains preserves 
impressions of human skin. In recent years, 
though, researchers have realized that the fossil 
record does contain indirect hints about our 
transformation from hirsute to hairless. Thanks 
to these clues and insights gleaned over the past 
decade from genomics and physiology, I and oth-
ers have pieced together a compelling account of 
why and when humans shed their fur. In addi-
tion to explaining a very peculiar quirk of our 
appearance, the scenario suggests that naked 
skin itself played a crucial role in the evolution 

of other characteristic human traits, including 
our large brain and dependence on language.

Hairy Situations 
To understand why our ancestors lost their body 
hair, we must first consider why other species 
have coats in the first place. Hair is a type of body 
covering that is unique to mammals. Indeed, it 
is a defining characteristic of the class: all mam-
mals possess at least some hair, and most of 
them have it in abundance. It provides insulation 
and protection against abrasion, moisture, dam-
aging rays of sunlight, and potentially harmful 
parasites and microbes. It also works as camou-
flage to confuse predators, and its distinctive 
patterns allow members of the same species to 
recognize one another. Furthermore, mammals 
can use their fur in social displays to indicate 
aggression or agitation: when a dog “raises its 
hackles” by involuntarily elevating the hairs on 
its neck and back, it is sending a clear signal to 
challengers to stay away. 

Yet even though fur serves these many impor-
tant purposes, a number of mammal lineages 
have evolved hair that is so sparse and fine as to 
serve no function. Many of these creatures live 
underground or dwell exclusively in the water. 

evolution

the Naked truth 
Recent findings lay bare the origins of human  

hairlessness—and hint that naked skin was a key factor 
in the emergence of other human traits

By NiNa G. JaBloNski

KeY cOncePtS
Humans are the only   ■

primate species that has 
mostly naked skin.

Loss of fur was an adapta- ■

tion to changing environ-
mental conditions that 
forced our ancestors to 
travel longer distances for 
food and water.

Analyses of fossils and  ■

genes hint at when this 
transformation occurred.

The evolution of hairless- ■

ness helped to set the 
stage for the emergence 
of large brains and sym-
bolic thought.

—The Editors

© 2010 Scientific American
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In subterranean mammals, such as the naked 
mole rat, hairlessness evolved as a response to 
living in large underground colonies, where the 
benefits of hair are superfluous because the ani-
mals cannot see one another in the dark and be-
cause their social structure is such that they sim-
ply huddle together for warmth. In marine mam-
mals that never venture ashore, such as whales, 
naked skin facilitates long-distance swimming 
and diving by reducing drag on the skin’s sur-
face. To compensate for the lack of external in-
sulation, these animals have blubber under the 
skin. In contrast, semiaquatic mammals—ot-
ters, for example—have dense, waterproof fur 
that traps air to provide positive buoyancy, thus 
decreasing the effort needed to float. This fur 
also protects their skin on land. 

The largest terrestrial mammals—namely, el-
ephants, rhinoceroses and hippopotamuses—al-
so evolved naked skin because they are at con-
stant risk of overheating. The larger an animal is, 
the less surface area it has relative to overall body 
mass and the harder it is for the creature to rid its 
body of excess heat. (On the flip side, mice and 
other small animals, which have a high surface-
to-volume ratio, often struggle to retain suffi-
cient heat.) During the Pleistocene epoch, which 
spans the time between two million and 10,000 
years ago, the mammoths and other relatives of 
modern elephants and rhinoceroses were “wool-
ly” because they lived in cold environments, and 
external insulation helped them conserve body 
heat and lower their food intake. But all of to-
day’s megaherbivores live in sweltering condi-

tions, where a fur coat would be deadly for beasts 
of such immense proportions. 

Human hairlessness is not an evolutionary 
adaptation to living underground or in the wa-
ter—the popular embrace of the so-called aquat-
ic ape hypothesis notwithstanding [see box on 
opposite page]. Neither is it the result of large 
body size. But our bare skin is related to staying 
cool, as our superior sweating abilities suggest.

Sweating It Out
Keeping cool is a big problem for many mam-
mals, not just the giant ones, especially when they 
live in hot places and generate abundant heat 
from prolonged walking or running. These ani-
mals must carefully regulate their core body 
temperature because their tissues and organs, 
specifically the brain, can become damaged by 
overheating.

Mammals employ a variety of tactics to avoid 
burning up: dogs pant, many cat species are 
most active during the cooler evening hours, and 
many antelopes can off-load heat from the blood 
in their arteries to blood in small veins that has 
been cooled by breathing through the nose. But 
for primates, including humans, sweating is  
the primary strategy. Sweating cools the body 
through the production of liquid on the skin’s 
surface that then evaporates, drawing heat ener-
gy away from the skin in the process. This whole-
body cooling mechanism operates according  
to the same principle as an evaporative cooler 
(also known as a swamp cooler), and it is highly 
ef fective in preventing the dangerous overheat-

[The AuThor]

Nina G. Jablonski is head of  
the anthropology department at 
Pennsylvania State university.  
her research focuses on the natural 
history of human skin, the origin  
of bipedalism, the evolution and 
biogeography of old World mon-
keys, and the paleoecology of 
mammals that lived during the 
past two million years. She has 
conducted fieldwork in China, 
Kenya and Nepal. This is her sec-
ond article for Scientific American. 
The first, co-authored with George 
Chaplin and published in october 
2002, described the evolution of 
human skin color.

Naked human skin is better at ridding the body of 
excess heat than is fur-covered skin. Mammals 
possess three types of glands for the purpose: apo-
crine, eccrine and sebaceous. In most mammals the 
outermost layer of the skin, known as the epidermis, 
contains an abundance of apocrine glands. These 
glands cluster around hair follicles and coat the fur  
in a lather of oily sweat. Evaporation of this sweat, 
which cools the animal by drawing heat away from 
the skin, occurs at the surface of the fur. But the more 
the animal perspires, the less effectively it eliminates 
heat because the fur becomes matted, hampering 
evaporation. In the human epidermis, in contrast, 
eccrine glands predominate. These glands reside 
close to the skin surface and discharge thin, watery 
sweat through tiny pores. In addition to evaporating 
directly from the skin surface, this eccrine sweat 
vaporizes more readily than apocrine sweat, thus 
permitting improved cooling.

furrY VS. nAKed 
[BeNeFITS oF hAIrLeSSNeSS] 

Furry mAmmAL 

Apocrine gland Sebaceous gland

Eccrine gland

oily sweat

Hair follicle
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ing of the brain, as well as of other body parts. 
Not all sweat is the same, however. Mamma-

lian skin contains three types of glands—seba-
ceous, apocrine and eccrine—that together pro-
duce sweat. In most species, sebaceous and apo-
crine glands are the dominant sweat glands and 
are located near the base of hair follicles. Their 
secretions combine to coat hairs with an oily, 
sometimes foamy, mixture (think of the lather a 
racehorse generates when it runs). This type of 
sweat helps to cool the animal. But its ability to 
dissipate heat is limited. G. Edgar Folk, Jr., of 
the University of Iowa and his colleagues showed 
nearly two decades ago that the effectiveness of 

cooling diminishes as an animal’s coat becomes 
wet and matted with this thick, oily sweat. The 
loss of efficiency arises because evaporation oc-
curs at the surface of the fur, not at the surface 
of the skin itself, thus impeding the transfer of 
heat. Under conditions of duress, heat transfer is 
inefficient, requiring that the animal drink large 
amounts of water, which may not be readily 
available. Fur-covered mammals forced to exer-
cise energetically or for prolonged periods in the 
heat of day will collapse from heat exhaustion. 

Humans, in addition to lacking fur, possess 
an extraordinary number of eccrine glands—be-
tween two million and five million—that can 
produce up to 12 liters of thin, watery sweat a 
day. Eccrine glands do not cluster near hair fol-
licles; instead they reside relatively close to the 
surface of the skin and discharge sweat through 
tiny pores. This combination of naked skin and 
watery sweat that sits directly atop it rather than 
collecting in the fur allows humans to eliminate 
excess heat very efficiently. In fact, according to 
a 2007 paper in Sports Medicine by Daniel E. 
Lieberman of Harvard University and Dennis 
M. Bramble of the University of Utah, our cool-
ing system is so superior that in a marathon on a 
hot day, a human could outcompete a horse.

Showing Some Skin
Because humans are the only primates that lack 
coats and have an abundance of eccrine glands, 
something must have happened since our hom-
inid lineage diverged from the line leading to our 
closest living relative, the chimpanzee, that 
favored the emergence of naked, sweaty skin. 

Among the many theories that attempt to explain the evolution of  
naked skin in humans, the aquatic ape theory (AAT)—which posits 

that humans went through an aquatic phase in their evolution—has 
attracted the most popular attention and support. First enunciated by 
English zoologist Sir Alister Hardy in a popular scientific article in 1960, 
the AAT later found a champion in writer Elaine Morgan, who continues 
to promote the theory in her lectures and writings. The problem is, the 
theory is demonstrably wrong. 

The AAT holds that around five million to seven million years ago 
tectonic upheavals in the Rift Valley of East Africa cut early human 
ancestors off from their preferred tropical forest environments. As a 
result, they had to adapt to a semiaquatic life in marshes, along coasts 
and in floodplains, where they lived for about a million years. Evidence 
of this aquatic phase, Morgan argues, comes from several anatomical 
features humans share with aquatic and semiaquatic mammals but not 
with savanna mammals. These traits include our bare skin, a reduced 

number of apocrine glands, and fat deposits directly under the skin.
The AAT is untenable for three major reasons. First, aquatic mammals 

themselves differ considerably in the degree to which they exhibit Mor-
gan’s aquatic traits. Thus, there is no simple connection between, say, 
the amount of hair an animal has and the environment in which it lives. 
Second, the fossil record shows that watery habitats were thick with 
hungry crocodiles and aggressive hippopotamuses. Our small, defense-
less ancestors would not have stood a chance in an encounter with such 
creatures. Third, the AAT is overly complex. It holds that our forebears 
shifted from a terrestrial way of life to a semiaquatic one and then re-
turned to living on terra firma full-time. As John H. Langdon of the 
University of Indianapolis has argued, a more straightforward interpreta-
tion of the fossil record is that humans always lived on land, where the 
driving force behind the evolution of naked skin was climate change that 
favored savanna grasslands over woodlands. And from a scientific 
perspective, the simplest explanation is usually the correct one. —N.J.

[ALTerNATIve IdeAS]

furrY VS. nAKed 

Why the Aquatic Ape Theory doesn’t hold Water 

humAN 

Eccrine gland

Apocrine gland Sebaceous glandHair follicle

Watery sweat
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Perhaps not surprisingly, the transformation 
seems to have begun with climate change.

By using fossils of animals and plants to re-
construct ancient ecological conditions, scien-
tists have determined that starting around three 
million years ago the earth entered into a phase 
of global cooling that had a drying effect in East 
and Central Africa, where human ancestors 
lived. With this decline in regular rainfall, the 
wooded environments favored by early hom-
inids gave way to open savanna grasslands, and 
the foods that our ancestors the australopith-
ecines subsisted on—fruits, leaves, tubers and 
seeds—became scarcer, more patchily distribut-
ed and subject to seasonal availability, as did 
permanent sources of freshwater. In response to 
this dwindling of resources, our forebears would 
have had to abandon their relatively leisurely for-
aging habits for a much more consistently active 
way of life just to stay hydrated and obtain 
enough calories, traveling ever longer distances 
in search of water and edible plant foods. 

It is around this time that hominids also began 
incorporating meat into their diet, as revealed by 
the appearance of stone tools and butchered ani-
mal bones in the archaeological record around 
2.6 million years ago. Animal foods are consid-
erably richer in calories than are plant foods, but 
they are rarer on the landscape. Carnivorous an-
imals therefore need to range farther and wider 

than their herbivorous counterparts to procure a 
sufficient amount of food. Prey animals are also 
moving targets, save for the occasional carcass, 
which means predators must expend that much 
more energy to obtain their meal. In the case of 
human hunters and scavengers, natural selection 
morphed the apelike proportions of the australo-
pithecines, who still spent some time in the trees, 
into a long-legged body built for sustained strid-
ing and running. (This modern form also no 
doubt helped our ancestors avoid becoming din-
ner themselves when out in the open.)

But these elevated activity levels came at a 
price: a greatly increased risk of overheating. Be-
ginning in the 1980s, Peter Wheeler of Liverpool 
John Moores University in England published a 
series of papers in which he simulated how hot 
ancestral humans would have become out on the 
savanna. Wheeler’s work, together with research 
my colleagues and I published in 1994, shows 
that the increase in walking and running, during 
which muscle activity builds up heat internally, 
would have required that hominids both en-
hance their eccrine sweating ability and lose 
their body hair to avoid overheating. 

When did this metamorphosis occur? Al-
though the human fossil record does not pre-
serve skin, researchers do have a rough idea of 
when our forebears began engaging in modern 
patterns of movement. Studies conducted inde-

Although the fossil record does 
not preserve any direct evidence 
of ancient human skin, scientists 
can estimate when nakedness 
evolved based on other fossil 
clues. Protohumans such as the 
australopithecines (left) probably 
led relatively sedentary lives, as 
today’s apes do, because they 
lived in or near wooded environ-
ments rich in plant foods and 
freshwater. But as woodlands 
shrank and grasslands expanded, 
later ancestors, such as Homo 
ergaster (right), had to travel ever 
farther in search of sustenance—

including meat. This species, 
which arose by 1.6 million years 
ago, was probably the first to 
possess naked skin and eccrine 
sweat, which would have offset 
the body heat generated by such 
elevated activity levels.

[WheN NAKedNeSS evoLved] 

AnceStOrS On tHe mOVe
  Australopithe-

cus afarensis, 
represented 
here by the 
3.2-million-
year-old Lucy 
fossil, was 
apelike in hav-
ing short legs 
that were not 
well suited to 
traveling long 
distances.

beating  
the heat 
Naked skin is not the only adapta-
tion humans evolved to maintain 
a healthy body temperature in the 
sweltering tropics where our 
ancestors lived. They also devel-
oped longer limbs, increasing 
their surface-to-volume ratio, 
which in turn facilitated the loss 
of excess heat. That trend seems 
to be continuing even today. The 
best evidence of this sustained 
adaptation comes from popula-
tions in east Africa, such as the 
dinka of southern Sudan. It is 
surely no coincidence that these 
people, who live in one of the 
hottest places on earth, also have 
extremely long limbs.

Why do modern humans 
exhibit such a wide range of limb 
proportions? As our forebears 
migrated out of tropical Africa 
into cooler parts of the world,  
the selection pressures changed, 
allowing for a variety of body 
shapes to evolve. 

© 2010 Scientific American
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pendently by Lieberman and Christopher Ruff 
of Johns Hopkins University have shown that by 
about 1.6 million years ago an early member of 
our genus called Homo ergaster had evolved es-
sentially modern body proportions, which 
would have permitted prolonged walking and 
running. Moreover, details of the joint surfaces 
of the ankle, knee and hip make clear that these 
hominids actually exerted themselves in this 
way. Thus, according to the fossil evidence, the 
transition to naked skin and an eccrine-based 
sweating system must have been well under way 
by 1.6 million years ago to offset the greater heat 
loads that accompanied our predecessors’ newly 
strenuous way of life.

Another clue to when hominids evolved na-
ked skin has come from investigations into the 
genetics of skin color. In an ingenious study pub-
lished in 2004, Alan R. Rogers of the University 
of Utah and his colleagues examined sequences 
of the human MC1R gene, which is among the 
genes responsible for producing skin pigmenta-
tion. The team showed that a specific gene vari-
ant always found in Africans with dark pigmen-
tation originated as many as 1.2 million years 
ago. Early human ancestors are believed to have 
had pinkish skin covered with black fur, much 
as chimpanzees do, so the evolution of perma-
nently dark skin was presumably a requisite evo-
lutionary follow-up to the loss of our sun-shield-

ing body hair. Rogers’s estimate thus provides a 
minimum age for the dawn of nakedness. 

Skin Deep
Less certain than why and when we became 
naked is how hominids evolved bare flesh. The 
genetic evidence for the evolution of nakedness 
has been difficult to locate because many genes 
contribute to the appearance and function of our 
skin. Nevertheless, hints have emerged from 
large-scale comparisons of the sequences of DNA 
“code letters,” or nucleotides, in the entire 
genomes of different organisms. Comparison of 
the human and chimp genomes reveals that one 
of the most significant differences between 
chimp DNA and our own lies in the genes that 
code for proteins that control properties of the 
skin. The human versions of some of those genes 
encode proteins that help to make our skin par-
ticularly waterproof and scuff-resistant—criti-
cal properties, given the absence of protective 
fur. This finding implies that the advent of those 
gene variants contributed to the origin of naked-
ness by mitigating its consequences. 

The outstanding barrier capabilities of our 
skin arise from the structure and makeup of its 
outermost layer, the stratum corneum (SC) of 
the epidermis. The SC has what has been de-
scribed as a bricks-and-mortar composition. In 
this arrangement, multiple layers of flattened 

AnceStOrS On tHe mOVe

Going furless  
was not merely  
a means to an end; 
it had profound 
consequences  
for subsequent 
phases of human 
evolution.

  Homo ergaster 
was the first 
hominid to 
possess long, 
striding legs, 
seen here in 
the 1.6-mil-
lion-year-old 
Turkana Boy 
skeleton. Such 
elongated 
limbs facilitat-
ed sustained 
walking  
and running. 

© 2010 Scientific American
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dead cells called corneocytes, which contain the 
protein keratin and other substances, are the 
bricks; ultrathin layers of lipids surrounding 
each of the corneocytes make up the mortar. 

Most of the genes that direct the development 
of the SC are ancient, and their sequences are 
highly conserved among vertebrates. That the 
genes undergirding the human SC are so distinc-
tive signifies, therefore, that the advent of those 
genes was important to survival. These genes en-
code the production of a unique combination of 
proteins that occur only in the epidermis, includ-
ing novel types of keratin and involucrin. A num-
ber of laboratories are currently attempting to 
unravel the precise mechanisms responsible for 
regulating the manufacture of these proteins. 

Other researchers are looking at the evolution 
of keratins in body hair, with the aim of deter-
mining the mechanisms responsible for the 
sparseness and fineness of body hair on the sur-
face of human skin. To that end, Roland Moll of 
Philipps University in Marburg, Germany, and 
his colleagues have shown that the keratins pres-
ent in human body hair are extremely fragile, 
which is why these hairs break so easily com-
pared with those of other animals. This finding, 
detailed in a paper Moll published in 2008, sug-
gests that human hair keratins were not as im-
portant to survival as the hair keratins of other 
primates were over the course of evolution and 
thus became weak. 

Another question geneticists are eager to an-
swer is how human skin came to contain such an 
abundance of eccrine glands. Almost certainly 
this accumulation occurred through changes in 
the genes that determine the fate of epidermal 
stem cells, which are unspecialized, in the em-

bryo. Early in development, groups of epidermal 
stem cells in specific locations interact with cells 
of the underlying dermis, and genetically driven 
chemical signals within these niches direct the 
differentiation of the stem cells into hair follicles, 
eccrine glands, apocrine glands, sebaceous 
glands or plain epidermis. Many research groups 
are now investigating how epidermal stem cell 
niches are established and maintained, and this 
work should clarify what directs the fate of em-
bryonic epidermal cells and how more of these 
cells become eccrine sweat glands in humans. 

Not Entirely Nude
However it was that we became naked apes, evo-
lution did leave a few body parts covered. Any 
explanation of why humans lost their fur there-
fore must also account for why we retain it in 
some places. Hair in the armpits and groin prob-
ably serves both to propagate pheromones (chem-
icals that serve to elicit a behavioral response 
from other individuals) and to help keep these 
areas lubricated during locomotion. As for hair 
on the head, it was most likely retained to help 
shield against excess heat on the top of the head. 
That notion may sound paradoxical, but having 
dense hair on the head creates a barrier layer of 
air between the sweating scalp and the hot sur-
face of the hair. Thus, on a hot, sunny day the 
hair absorbs the heat while the barrier layer of air 
remains cooler, allowing sweat on the scalp to 
evaporate into that layer of air. Tightly curled 
hair provides the optimum head covering in this 
regard, because it increases the thickness of the 
space between the surface of the hair and the 
scalp, allowing air to blow through. Much 
remains to be discovered about the evolution of h
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OF Lice and men
In recent years researchers have 
looked to lice for clues to why 
humans lost their body hair. In 
2003 mark Pagel of the university 
of reading in england and Walter 
Bodmer of John radcliffe hospital 
in oxford proposed that humans 
shed their fur to rid their bodies of 
disease-spreading lice and other 
fur-dwelling parasites and to 
advertise the health of their skin. 
other investigators have studied 
head and body lice for insight into 
how long after becoming bare-
skinned our ancestors began to 
cover up with clothing. 

Although body lice feed on 
blood, they live on clothing. Thus, 
the origin of body lice provides a 
minimum estimate for the dawn of 
hominid garb. By comparing gene 
sequences of organisms, investi-
gators can learn roughly when the 
species arose. Such analyses in lice 
indicate that whereas head lice 
have plagued humans from the 
start, body lice evolved much 
later. The timing of their appear-
ance hints that humans went 
naked for more than a million 
years before getting dressed.

SoCIAL SIGNALING is an 
important function of 
fur—from raised hackles 
indicating aggression  
to coat patterns that help 
members of the same 
species to recognize one 
another. We humans 
compensate for our lack  
of fur by decorating our 
bodies with tattoos, 
jewelry and other adorn-
ments. We also have com-
plex facial expressions,  
as well as the ability to 
convey our emotions 
through language.
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human head hair, but it is possible that tightly 
curled hair was the original condition in modern 
humans and that other hair types evolved as 
humans dispersed out of tropical Africa.

With regard to our body hair, the question is 
why it is so variable. There are many popula-
tions whose members have hardly any body hair 
at all and some populations of hirsute folks. 
Those with the least body hair tend to live in the 
tropics, whereas those with the most tend to live 
outside the tropics. Yet the hair on these non-
tropical people provides no warmth to speak of. 
These differences in hairiness clearly stem to 
some extent from testosterone, because males in 
all populations have more body hair than fe-
males do. A number of theories aimed at ex-
plaining this imbalance attribute it to sexual se-
lection. For example, one posits that females 
prefer males with fuller beards and thicker body 
hair because these traits occur in tandem with 
virility and strength. Another proposes that 
males have evolved a preference for females with 
more juvenile features. These are interesting hy-
potheses, but no one has actually tested them in 
a modern human population; thus, we do not 
know, for instance, whether hairy men are in 
fact more vigorous or fecund than their sleeker 
counterparts. In the absence of any empirical ev-
idence, it is still anybody’s guess why human 
body hair varies the way it does.

Naked Ambitions
Going furless was not merely a means to an end; 
it had profound consequences for subsequent 
phases of human evolution. The loss of most of 
our body hair and the gain of the ability to dissi-
pate excess body heat through eccrine sweating 

helped to make possible the dramatic enlarge-
ment of our most temperature-sensitive organ, 
the brain. Whereas the australopithecines had a 
brain that was, on average, 400 cubic centime-
ters—roughly the size of a chimp’s brain—H. 
ergaster had a brain twice that large. And within 
a million years the human brain swelled another 
400 cubic centimeters, reaching its modern size. 
No doubt other factors influenced the expansion 
of our gray matter—the adoption of a sufficiently 
caloric diet to fuel this energetically demanding 
tissue, for example. But shedding our body hair 
was surely a critical step in becoming brainy.

Our hairlessness also had social repercus-
sions. Although we can technically raise and 
lower our hackles when the small muscles at the 
base of our hair follicles contract and relax, our 
body hairs are so thin and wispy that we do not 
put on much of a show compared with the dis-
plays of our cats and dogs or of our chimpanzee 
cousins. Neither do we have the built-in adver-
tising—or camouflage—offered by zebra stripes, 
leopard spots, and the like. Indeed, one might 
even speculate that universal human traits such 
as social blushing and complex facial expres-
sions evolved to compensate for our lost ability 
to communicate through our fur. Likewise, 
body paint, cosmetics, tattoos and other types 
of skin decoration are found in various combi-
nations in all cultures, because they convey 
group membership, status and other vital social 
information formerly encoded by fur. We also 
employ body postures and gestures to broadcast 
our emotional states and intentions. And we use 
language to speak our mind in detail. Viewed 
this way, naked skin did not just cool us down—

it made us human.   ■m
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Demand for automobiles is rising world-
wide. So is concern about greenhouse 
gas emissions. In response, scientists 

and engineers are working diligently to perfect 
new power plants for future vehicles, including 
battery and hydrogen fuel-cell electric cars. Al-
though these and other alternatives show great 
promise for the long term, perhaps the single 
greatest way to reduce fossil-fuel consumption 
in the near term is to further improve today’s 
dominant transportation power plant: the gas-
oline internal-combustion (IC) engine.

Fortunately, efficiency can be raised in a 
number of ways, notably, better control over the 
air-fuel mixture entering the combustion cham-
ber, over the way gasoline is ignited there, and 
over the mechanical systems that harness that 
energy. These can improve traditional automo-
biles as well as gasoline-electric hybrid models.

Rapidly rising fuel prices in the latter half of 
2008 began steering many consumers toward ve-
hicles offering the best fuel efficiency, but recent 
price declines have hurt demand for them. Strict 
new fuel economy and greenhouse gas emissions 
regulations, about to go into force, should re-
verse this trend, however, and drive even more 
significant advancements to the technology that 
will be under the hood of your next new car.

The modern IC engine powers all but a hand-

transportation

Emerging technologies could make 
the internal-combustion engine 

substantially more fuel-efficient, 
even as green vehicles make inroads

Key conceptS
Hardware and software  ■

changes to the internal-
combustion engine in cars 
can make it much more 
fuel-efficient.

New rules due soon from  ■

the Environmental Protec-
tion Agency governing 
greenhouse gas emissions 
and from the Department 
of Transportation on fuel 
economy will force the 
efficiency of cars, SUVs and 
pickups to rise 4.4 percent 
a year from 2012 through 
2016 and probably more in 
later years.

Technologies such as direct  ■

gasoline injection, variable 
valve timing and cylinder 
deactivation can reduce 
the major sources of ener-
gy loss in engines: waste 
heat and engine friction. 

—The Editors

ful of the world’s automobiles, trucks, mo-
torcycles and motorboats. Its greatest ad-

vantage is its use of a fuel—gasoline—that is 
still relatively abundant, inexpensive and en-

ergy-dense. Its greatest drawback is its medio-
cre efficiency. The most efficient gasoline spark-
ignition engines in mass-produced automobiles 
today convert only 20 to 25 percent of the fuel’s 
chemical energy into work. A modern diesel or 
gasoline-electric hybrid power train can reach 
25 to 35 percent, but at substantially higher cost. 
In contrast, hydrogen fuel-cell electric cars—

such as Honda’s FCX Clarity, now in limited 
production—convert about 60 percent of the en-
ergy in gaseous hydrogen into motive power. 

Despite the IC engine’s reputation as old and 
outmoded technology, however, it continues to 
improve. A recent Environmental Protection 
Agency study showed that the fuel efficiency of 
engines in U.S. automobiles rose by roughly 1.4 
percent a year from 1987 to 2006. The increases 
came through incremental gains in combustion 
(thermal) efficiency, reductions in engine and 
drivetrain friction, more advanced transmis-
sions and reduced losses in accessory systems. 
Most of these gains, however, did not help driv-
ers consume less gasoline. Instead they went to 
meet market demand for larger, more powerful 
and better-equipped vehicles.

New Rules Prompt Gains
Impending regulations will help ensure that 
future power train efficiency gains go primarily 
toward actual fuel economy. The EPA is finaliz-
ing stringent new greenhouse gas standards for 
automobiles, and the Department of Transpor-
tation is finishing tougher corporate average 
fuel economy (CAFE) standards. The agencies 
must issue a final ruling that incorporates both 

Now
BEttEr MilEagE

by beN KNight
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as current standards do, the new fuel economy 
targets will be based on a vehicle’s footprint—
the rectangular area defined by the vehicle’s 
four wheels. Each manufacturer will also have 
a unique target based on the sales-weighted av-
erage footprint of its combined car and light 
truck fleets.

This approach means automobile companies 
will no longer find any advantage in building  
a greater number of small cars, because the  
resulting mix of vehicles will simply have to 
meet higher fuel economy and lower emissions 
targets for carbon dioxide. Nor will there be 
any real disadvantage to automakers whose 
fleets contain a higher percentage of larger cars 
and light trucks. The goal of the new standards 
is not to encourage or discourage the produc-

sets of requirements by April 1. In directing the 
DOT, Congress mandated “maximum feasible” 
increases in the average fuel economy of the U.S. 
car and light truck fleet between 2011 and 2030. 
Based on current proposals, the first phase of 
the standards will raise the fuel economy of 
most cars, SUVs, pickups and minivans by 4.4 
percent each year from 2012 through 2016, 
reaching about 35.5 miles per gallon for many 
cars. And indications are that the bar will con-
tinue to be raised aggressively through 2020 or 
even 2030.

The rules will also change how greenhouse 
gas and fuel economy targets are calculated, 
which will affect how automakers will respond. 
Instead of setting a single standard for all cars 
or all light trucks in an automaker’s U.S. fleet, 

four-cylinder engine and  
many others like it can improve, 
to slow global warming.

© 2010 Scientific American
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Ben Knight is vice president of 
automotive engineering at honda 
r&d Americas in Torrance, calif.  
he oversees development of the 
company’s low-emissions gasoline, 
hybrid-electric and alternative-fuel 
vehicles, including those powered 
by batteries, natural gas and fuel 
cells. he is also an adviser to  
the university of california’s  
multicampus Transportation 
Sustainability program.

Possible 
energy gains
Today’s vehicles convert up 
to 25 percent of gasoline’s 
chemical energy into work 
(purple and yellow). The rest 
is lost. But technologies can 
reduce the waste (table). 

60%
 heat:  

engine loss

 heat:  
exhaust loss

15%–25%
 idle, 

deceleration 
and pumping 
losses 

10%–15%

5%–10%

 Traction

 drivetrain and 
accessories

efficient engines, one Technology at a Time  
For competitive reasons, automobile manufacturers do not typically reveal their own estimates of a future 
technology’s potential costs and benefits. But in 2008 the National Highway Traffic and Safety Administration 
evaluated numerous options. Note that different technologies often have overlapping benefits, which can 
significantly reduce the cumulative impact of using them in combination.

TracTive losses
   Low rolling-resistance tires 

(10% reduction in resistance)
1% to 2% $6

   Aerodynamic drag 
reduction

3% for cars;  
2% for trucks

$0 to $75

   Weight reduction  
(for each 1% lost)

0.7% $90 to $150

accessories
  Electric power steering 1.5% to 2.0% $118 to $197

   High-efficiency alternator 
and accessory electrification

1% to 2% $124 to $166

Technology fuel economy gain cost to consumer 

[fuTure choiceS]

Transmission
   5-speed automatic  

(relative to 4-speed)
2.5% $76 to $167

   6-speed automatic  
(relative to 5-speed)

0.5% to 2.5% $10 to $20

   Continuously variable  
(relative to 5-speed)

3.5% $100 to $139

   Dual-clutch automatic   
(relative to automatic)

4.5% to 7.5% $141 
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Gasoline enGine
  Direct injection 

(relative to port fuel engine)
1% to 2% $122 to $525

  Homogeneous charge  
compression ignition 
(relative to direct injection)

10% to 12% $263 to $685

 Turbocharging 5% to 7.5% $120 (if cylinders can be  
reduced from 8 to 6 or 6 to 4) 
$690 (4-cylinder engine)

Variable valve timing

 Two-step valve timing and lift 0.5% to 3% $169 to $322

 Continuous valve timing 1.5% to 4% $254 to $508 (4-cylinder to 
8-cylinder) 

 Cylinder deactivation 4.5% to 6% $203 to $229 (reducing noise 
and vibration in 4- and 6-cylin-
der engines would add cost)

   Camless valve operation  
(relative to variable valve)

2.5% $336 to $673

 Stop-start system 7.5% $563 to $600 (including cost of 
42-volt electrical system)
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[engine opTionS]

greater power from every drop
Different fuel-injection schemes burn gasoline more completely, delivering greater power to the piston while generating less waste as heat.

 

direcT inJecTion (available on  
some models): An injector sends gasoline  
at high pressure directly into the chamber.  
it vaporizes and burns more completely than 
in port injection, raising fuel economy, but 
advanced controls are needed. (Diesel en-
gines are “direct” as well, but greater piston 
compression ignites fuel, without a spark.)

hoMogeneouS chArge coMpreS-
Sion igniTion (future): As fuel and air  
are injected, a rising piston compresses and 
ignites them, without a spark. ignition occurs  
in many places at once, so less energy is lost as 
heat, raising efficiency. in-cylinder sensors and 
advanced controls are needed. A spark plug 
may fire when high power output is required.

porT fuel inJecTion (common today):  
When the intake valve opens, an injector sprays  
fuel into the air stream. The mixture enters the 
combustion chamber, is compressed by the rising 
piston, then a spark ignites it, driving the piston 
down. The exhaust valve opens to expel by-prod-
ucts. for greater power, the throttle and injector 
supply more air and gasoline.

[exhAuST opTionS]

More Air Means More propulsion
Special chargers can pressurize air fed to cylinders, boosting engine output. 

 

Throttle valve

Airflow

fuel injector

exhaust

Spark plug

intake valve exhaust valve

piston

combustion 
chamber

fuel injector

Well-mixed 
fuel and air  
in high-
pressure 
combustion 
chamber

high-
pressure 
fuel 
injector

exhaust

compressed air

Ambient 
air inlet

engine cylinder

Air cooler

compressor Turbine
To tail pipe

centrifugal 
supercharger

exhaust

drive belt

Ambient 
air  
inlet

compressed air

exhaust

TurBochArger 
(available on some 
models): Exhaust 
normally exits 
through the manifold. 
But if a turbocharger 
loop (top left) is 
added, the gas 
stream turns a 
turbine, which spins  
a compressor. The 
compressor sends 
pressurized air to the 
cylinders, so more 
fuel can be burned 
and more power 
created, allowing the 
engine to be smaller, 
reducing friction. 
Controls must 
compensate for  
a lag that occurs 
while the turbine  
gets up to speed. 

SuperchArger (available on a few models): To raise the pressure 
of air entering the chamber, a supercharger is spun by a belt connected 
to the engine’s crankshaft. in the centrifugal design, an impeller draws 
air in and pressurizes it. Superchargers may be less efficient than 
turbochargers but provide power boost without any lag.
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[VAlVe TrAin opTionS]

customized Timing Spares fuel

conVenTionAl: A timing belt from 
the crankshaft spins the camshafts, 
which open and close cylinder valves 
(inset below) in a fixed sequence. But 
varying the valve timing could reduce 
losses. Also, less lift at low loads would 
save fuel, whereas greater lift at high 
loads would provide more power.  
Shown here: dual overhead cam engine.  

cylinder 
deAcTiVATion (available 
on a few models): Shutting off 
cylinders when not needed 
(such as cruising at a steady 
speed) saves fuel. When  
a pin set links two halves of the 
rocker arm, they operate the 
valves (a). But when hydraulics 
split the pins (b), half the cam 
continues to spin (pink), but the 
valves are not activated. 

cAMleSS engine 
(future): Eliminating belts, 
pulleys and rotating shafts 
reduces friction greatly. in  
a camless design, electro-
magnetic solenoids switch  
on (a) and off (b) rapidly, 
moving a plate that moves 
the valve. Each valve’s timing 
and lift is infinitely variable. 
reliability and low cost have 
yet to be achieved. 
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Air and exhaust valves must open and close dozens of times a second, for 100,000 miles or more. Varying, in real time, when each one rises  
and falls, and how much, can maximize fuel efficiency across the engine’s full operating range.

camshaft 

Timing 
belt

exhaust 
valves

piston

crankshaft

intake 
valve

fixed lobes

Spring

VAriABle VAlVe TiMing 
And lifT (available on a few 
models): To vary timing, the 
position of each lobe trio is 
hydraulically changed to alter 
when it pushes a valve’s rocker  
arm (a). For lift, when a pin set is 
disengaged (b), a lobe’s outer rings 
(green) open the valve a shallow 
amount. But when hydraulics 
engage the pins (c), the larger 
center lobe opens the valve farther. 

Variable lobe trio

exhaust valve

camshaft

rocker 
arm

●A  TiMing: VAried

lifT: VAlVe loWered fully●c  

pin set
lifT: VAlVe loWered SlighTly●B  

exhaust valve

rocker 
arm

Variable lobes

camshaft

AcTiVATed cylinder●A  

deAcTiVATed cylinder●B  

pin set
●A  

●B  

loWer MAgneTS on

loWer MAgneTS off

plate

Solenoid chamber

Solenoid 
magnet
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promising and widely applicable within the next 
decade. These items appear in the table on page 
52, and some are illustrated in this article.

Superengine
As we look even further ahead, additional gains 
in IC engine efficiency will rely heavily on sys-
tem optimization. Combinations of hardware 
and software are virtually limitless. One kind 
of future “superengine” would employ several of 
the advances depicted here: direct injection of 
gasoline, with continuously variable timing of 
camless piston valves, combined with a hybrid-
electric motor and a turbocharger (which boosts 
power by harnessing waste gases streaming 
through the exhaust system). 

In this hypothetical system, the batteries 
alone would power driving at low speeds and 
loads. When the engine comes on, to maximize 
efficiency it would switch among various modes, 
or operating cycles, that are common to com-
bustion engines, such as the Atkinson cycle and 
the Otto cycle (a conventional engine can oper-
ate only in one mode). The hybrid motor and 
turbocharger would provide instant power dur-
ing acceleration. And exhaust gas—a free source 
of energy—would be tapped to generate electric-
ity that recharges the batteries.

For a car optimized in this way, the engine 
could be one half to one third of the size of cur-
rent engines, reducing friction losses and cut-
ting weight to boot. Such a system would offer 
major efficiency benefits, but it would also be 
extremely complex and costly. One important 
task would be implementing software that could 
determine the best operating strategy for every 
speed and load condition and control the engine 
as it switched between modes.

In the long run, and in the face of an inevita-
ble downturn in oil supplies, the world needs as 
many practical alternatives to gasoline as science 
and engineering can muster. But the allure of ad-
vanced vehicles should not stall the progress in-
dustry can and should make to improve IC en-
gine efficiency right now. No single technology 
or energy source can satisfy the world’s growing 
transportation energy demands. But substantial 
gains in IC engine efficiency, along with expand-
ed use of hybrid technology, will help smooth the 
transition from petroleum to more renewable 
fuel options. In this context, the gasoline IC en-
gine can be viewed not as the enemy to progress 
but as a weapon in the battle to reduce green-
house gas emissions and bring about a cleaner 
and more sustainable future. ■

tion or purchase of any class of vehicle but to 
make every class as fuel-efficient as possible, 
within the bounds of what regulators deem  
to be both economically practical and techni-
cally feasible. 

Cutting Losses in Many Ways
The new regulations present automakers with a 
daunting challenge: how to best invest limited 
engineering resources to dramatically raise IC 
engine efficiency in a very short time, while con-
tinuing to meet consumers’ demands for perfor-
mance, safety, utility and comfort. 

The most compelling options would reduce 
the major sources of energy loss. About 60 per-
cent of the energy in combusted gasoline is lost 
to heat—roughly half of that through the engine 
and half through the exhaust. Another 15 to 25 
percent is lost to engine friction and to fuel con-
sumed when the engine is idling or the car is de-
celerating—when no usable work is being done. 
Engine friction includes so-called pumping loss-
es created by the process of pulling air past a 
partially closed throttle valve into the cylinders, 
to burn with fuel.

The remaining energy is engine output. Half 
to two thirds of it (10 to 15 percent of the gaso-
line’s total energy) is used to overcome the vehi-
cle’s tractive hurdles: inertia (reflecting the car’s 
weight), aerodynamic drag and rolling resis-
tance (friction between tires and the road). The 
balance (5 to 10 percent of the total) is consumed 
by the drivetrain (transmission and drive shafts 
to the axles) and by accessories such as power 
steering, air conditioning and the alternator that 
creates electricity for such equipment. 

Efficiency can be improved in every one of 
these areas, and even minor advances can yield 
substantial benefits. For example, a 1 percent re-
duction in tractive losses translates into a 4 to 5 
percent improvement in fuel economy. The chal-
lenge is to implement a set of technologies that 
offers the highest efficiency gains at the lowest 
cost. Because each automaker has a unique fleet 
and particular technological strengths and 
weaknesses, each company will likely choose a 
different mix of enhancements. 

An exhaustive list of advancements is beyond 
the scope of this article. For example, reducing 
engine friction involves materials, geometry of 
the moving parts, lubricants and parts design; 
dozens of minor changes can be combined to im-
prove efficiency by a few percent. Nevertheless, 
most automotive engineers would probably 
agree on a short list of approaches that are very 

More To ➥
 exPlore

effectiveness and impact of  
corporate Average fuel economy 
(cAfe) Standards. National  
research Council, National Academies 
Press, Washington, D.C., 2002. 

2012 product and drive Train 
forecast and 2020 Maximum 
Technology Scenario. Energy and 
Environmental Analysis, inc., for the 
Department of Energy, March 2008. 

on the road in 2035: reducing 
Transportation’s petroleum  
consumption and ghg emissions. 
Anup Bandivadekar et al. report No. 
LFEE 2008-05 rP, July 2008. Available 
at http://web.mit.edu/sloan-auto-
lab/research/beforeh2/otr2035

Average fuel economy Standards, 
passenger cars and light Trucks 
Model year 2011; final rule. 
 NHTSA, March 30, 2009. Available at 
http://edocket.access.gpo.
gov/2009/pdf/e9-6839.pdf

proposed rulemaking to establish 
light-duty Vehicle greenhouse 
gas emission Standards and  
corporate Average fuel economy 
Standards. EPA and NHTSA, Septem-
ber 28, 2009. Available at http://
fdsys.gpo.gov/fdsys/pkg/
fr-2009-09-28/pdf/e9-22516.pdf

sToP. sTarT. 
hybrid cars save fuel in part by 
turning off the engine when the 
vehicle is stopped, coasting or 
braking; batteries alone provide 
power. A purely gasoline engine 
could do the same. it would need 
a powerful starter that instantly 
turns the engine back on under 
any condition, which would likely 
require a 42-volt electrical system 
and battery, more robust than the 
12-volt systems in vehicles today. 
A start-stop feature could raise 
fuel economy by up to 7.5 percent 
[see table on page 52].
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New research reveals how bacteria hijack our  
body’s cells and outwit our immune system—and  
how we can use their own weapons against them 

By B. Brett Finlay

© 2010 Scientific American



 SC IE NTIF IC AME RIC AN 57

KEy CoNCEpTS
Bacterial pathogens multiply  ■

and make toxins inside human 
hosts, but how the microbes 
elude our defenses and deliver 
their poisons have been poorly 
understood.

Studying host-pathogen inter- ■

actions reveals sophisticated 
bacterial strategies for co-opting 
and manipulating host cells to 
serve a bacterium’s needs.

A new understanding of   ■

bacterial tools and tactics  
is leading to novel approaches  
for battling the microbes.

—The Editors

M ost bacteria are well-behaved companions. Indeed, if you are ever feel-
ing lonely, remember that the trillions of microbes living in and on the 
average human body outnumber the human cells by a ratio of 10 to 

one. Of all the tens of thousands of known bacterial species, only about 100 are 
renegades that break the rules of peaceful coexistence and make us sick.

Collectively, those pathogens can cause a lot of trouble. Infectious diseases 
are the second leading cause of death worldwide, and bacteria are well represent-
ed among the killers. Tuberculosis alone takes nearly two million lives every year, 
and Yersinia pestis, infamous for causing bubonic plague, killed approximately 
one third of Europe’s population in the 14th century. Investigators have made 
considerable progress over the past 100 years in taming some species with anti-
biotics, but the harmful bacteria have also found ways to resist many of those 

drugs. It is an arms race that humans have been losing of late, in part because 
we have not understood our enemy very well.

Historically, microbiologists sought to learn how bacteria cause 
disease by growing them in a nourishing broth, then isolating mol-

ecules from the bugs’ exterior or extracting their secretions from 
the medium, and examining the effects of those substances on 

human cells and animals. Such studies characterized as-
sorted bacterial toxins, but most investigations of the 

mechanisms of disease virtually ignored the inter-
play between bacterial pathogens and their 

hosts. Over the past 20 years, however, a 
growing body of research has revealed 

that disease-causing bacteria often 

© 2010 Scientific American
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Breaking and Entering
Toxins released by bacteria are only one source 
of the illnesses they produce. Some of the symp-
toms of bacterial infections arise directly from 
the bugs’ tactics for staying alive. Because many 
pathogens produce a similar array of symp-
toms—diarrhea, fever, and so forth—it may 
seem logical to think that they cause disease in 
similar ways, too. Although many pathogens do 
act on some of the same fundamental elements 
of cellular machinery, such as certain proteins 
that make up the cell’s internal skeleton, the 
microbes use surprisingly diverse and complex 
methods to attack. 

The first step in any bacterial assault, for in-
stance, is attachment to the host’s cells. A dis-
ease-causing strain of Escherichia coli, known 
as enterohemorrhagic E. coli O157, has perhaps 

behave much differently in broth than they do 
inside a potential host. 

To penetrate diverse organs and tissues and to 
survive and thrive in our bodies, bacteria become 
skilled subversives, hijacking cells and cellular 
communication systems, forcing them to behave 
in ways that serve the bugs’ own purposes. Many 
microbes take control by wielding specialized 
tools to inject proteins that reprogram the cellu-
lar machinery to do the bugs’ bidding. A few are 
also known to employ tactics that rid the body of 
benign or beneficial bacteria, to better comman-
deer the environment for themselves. As investi-
gators have identified the aggressive strategies 
and ingenious weapons used by pathogenic bac-
teria to invade and outwit their hosts, we have 
wasted no time in trying to devise therapies that 
turn the microbes’ own weapons against them. 

Epithelial cell

Tir

Effector

Actin 
polymer

Shigella

How Bacteria Hijack Host Cells
Disease-causing bacteria actively promote their own survival by co-opting host cells’ machinery and communications to do the microbes’ bidding and 
by altering the environment inside and outside cells to suit their needs. In the examples below, microbes invading the intestine wield specialized tools 
(inset at far left) to manipulate a variety of cell types, including epithelial cells, immune cells and harmless bacteria that reside in the gut. 

[TACTICS AND TOOLS]

Salmonella

T3SS

Ruffle

Macrophage

Dendritic cell

T3SS

E. coli

Host cell

Bacterial outer 
membrane

Effector

Needle

Translocon

Actin

●3   Shigella bacteria effectors 
induce actin polymers to 
form a “rocket tail” that pro-
pels the microbe through the 
cell’s cytoplasm to invade a 
neighboring immune cell. 

SeCreTION SySTemS

Specialized devices allow 
bacteria to inject cell-controlling 
“effector” molecules directly 
into host cells. The type 3 
secretion system (T3SS) above 
is typical. The main secretion 
apparatus in the bacterial 
membrane lowers the hollow 
needle to the host cell and 
delivers a translocon protein to 
anchor the needle; effector 
proteins follow.

●1   Pathogenic Escherichia coli 
use a T3SS to inject more 
than 40 kinds of effector  
proteins through the host cell 
membrane. One of these, Tir, 
acts as a docking clamp for 
the bacterium to adhere to 
the cell. Other effectors orga-
nize the cell’s actin molecules 
into polymers that raise the 
membrane into a pedestal. 

●2   Salmonella species 
also use a T3SS to 
inject effectors that 
polymerize actin. The 
actin fibers produce 
“ruffles” in the cell 
membrane that engulf 
the bacterium and pull 
it inside the cell. 

Secretion 
apparatus
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the most remarkable method of locking itself 
onto a host cell. People typically pick up this 
pathogen by eating tainted food; once inside the 
gastrointestinal tract, O157 attaches to the in-
testinal wall and produces a toxin that induces 
bloody diarrhea. At one time, scientists thought 
that this virulent form of E. coli, like all other 
adherent pathogens, latched onto a receptor 
molecule already present on the host’s intestinal 
cells. More recent work has shown, though, that 
O157 actually makes its own receptor and deliv-
ers it into the cell through a specialized device 
known as a type 3 secretion system, or T3SS for 
short. (Secretion systems have historically been 
named based on the order of their discovery.) 

The bacterium’s T3SS injects a molecule called 
Tir, along with 40 or more other “effector” pro-
teins directly into the membrane of the host cell 

and then locks one of its own surface molecules 
onto Tir. But that is only its first step in taking 
over the cell. Tir and some of the other injected ef-
fectors also induce the host cell’s internal skeleton 
to behave abnormally. A key cytoskeletal build-
ing block, actin, interacts with the bacterial pro-
teins and begins forming polymers that push on 
the cell membrane from the inside until it forms a 
pedestal. The E. coli remains outside the cell, se-
curely anchored to its new throne, while the effec-
tors and toxins it has injected into the cell do their 
dirty work. The exact function of these striking 
pedestals remains unknown, but investigators 
have demonstrated that they are central to the 
bacterium’s ability to cause disease.

Another potentially lethal pathogen, Helico-
bacter pylori, attaches itself to the epithelial cells 
lining the stomach, then begins customizing its 
environment to promote its own survival. H. py-
lori releases an enzyme called urease that locally 
counters the stomach’s high acidity, which nor-
mally kills most bacteria. Not all strains cause 
disease, but those that do can generate gastric ul-
cers and even stomach cancer—making it the 
only bacterium known to cause cancer. The 
pathogenic strains produce a type 4 secretion sys-
tem that injects an effector protein called CagA. 
The protein’s exact purpose is unclear, but recent 
work suggests that it can induce stomach epithe-
lial cells to display more of the receptors to which 
H. pylori attaches. The effector may also direct-
ly alter the stomach cells’ internal signaling in a 
way that makes them elongate, scatter and ulti-
mately die, contributing to ulcer formation. 

E. coli O157 and H. pylori bacteria do not 
need to enter cells to cause disease, but Salmo-
nella species, which are closely related to E. coli 
and cause diarrhea in more than a billion people 
worldwide every year, do penetrate cell walls. 
Indeed, to thrive, Salmonella bacteria have to 
pass into and through epithelial cells that line 
the intestine. This invasion begins when the bac-
teria use a T3SS variant known as Salmonella 
pathogenicity island 1 (SPI-1) to inject epithelial 
cells with effectors that reorganize actin poly-
merization in a way that produces “ruffles” in 
the cell membrane—similar to E. coli’s pedestal. 
The ruffle structures reach up and around a bac-
terium attached to the outside of the cell mem-
brane, causing the cell to literally drag the mi-
crobe inside. Molecules injected through SPI-1 
also induce the diarrhea characteristic of these 
infections, but the Salmonella bacteria do not 
stop there. 

Macrophages and other cells belonging to 

HuMan 
MicroBiota
HumAN BODy COmpOSITION

 10 trillion  
human cells

 100 trillion
bacterial cells

BACTerIAL SpeCIeS  
LIvINg IN THe HumAN . . .

 5,000–35,000 
. . .  intestine 

 300–500  
. . . mouth

 120  
 . . .  skin

BACTerIAL SpeCIeS  
pATHOgeNIC TO HumANS

 100
perCeNTAge Of HumANS COLONIzeD  
(wITH Or wITHOuT ILLNeSS)  
By COmmON pATHOgeNS

 33%
Mycobacterium tuberculosis 

 50%
Helicobacter pylori

 50%
Staphylococcus aureus

Effector

T3SS

Cell nucleus

C. rodentium

Signaling

Friendly gut 
bacteria

Inflammation

L. pneumophila

Effector
Vacuole

Lysosome

T4SS

●4   Citrobacter rodentium—a version of  
E. coli that infects mice—uses effector 
proteins to alter host cell signaling, 
inducing local inflammation that kills 
some of the competing harmless  
bacteria residing in the intestine.

●5   Legionella pneumophila 
deploy a T4SS when a 
macrophage engulfs and 
traps them inside a vacu-
ole. Effectors alter the  
vacuole membrane so  
that pathogen-killing  
lysosomes cannot reach 
the interior, and Legion ella 
can safely multiply before 
invading another cell. 

© 2010 Scientific American



60 SC IE NTIF IC AMERIC AN Februar y 2010

a
n

d
re

w
 s

w
if

t

what is called the innate arm of the immune sys-
tem, such as neutrophils and dendritic cells, nor-
mally ingest and destroy (“phagocytose”) any 
invaders. These phagocytes engulf bacteria and 
sequester them in membrane-bound vacuoles 
where killing molecules destroy the captives. But 
Salmonella species penetrate the intestinal lin-
ing by passing from epithelial cells to immune 
cells waiting on the other side. Once inside the 
phagocytic vacuole, the bacteria deploy a second 
T3SS, called SPI-2, which releases effector pro-
teins that convert the vacuole into a safe haven 
where Salmonella can multiply. The proteins 
cause this switch from death chamber to sanctu-
ary by altering the vacuole membrane so that the 
killing molecules cannot get in. 

The SPI-2 system is critical to the success of 
Salmonella typhi, the strain that causes typhoid 

fever. By allowing the microbes to survive inside 
the phagocytic cells, which travel within the 
body via the bloodstream and lymphatic system, 
SPI-2 enables the organisms to reach and repli-
cate in tissues far beyond the intestine, such as 
the liver and spleen. 

An ability to live long term inside a host’s cells 
is a trait common to many bacterial pathogens 
that cause serious disease, including those re-
sponsible for tuberculosis and Legionnaires’ dis-
ease. Indeed, Legionella pneumophila is partic-
ularly intriguing in that it injects at least 80 dif-
ferent effectors into phagocytic cells through its 
T4SS. Although the function of only a handful 
of these proteins is known, at least some of them 
serve to convert the phagocytic vacuole into a 
safe haven.

Legionella’s behavior also offers a window 

Outwitting the guards
Immune cells and the antibodies they manufacture are supposed to neutralize invaders, but bacterial pathogens  
can evade those host defenses with diverse tools and tactics, such as depicted in the examples below. 

[evADINg ImmuNITy]

DISABLINg mACHINery
When a macrophage tries to engulf Yersinia pestis, the 
bacterium uses its T3SS to inject effectors that para-
lyze the immune cell’s uptake machinery. Yersinia then 
ride the cell into lymph nodes, where the microbes 
multiply, causing the swollen nodes called bubos that 
are characteristic of bubonic plague.

DeSTrOyINg ANTIBODIeS
Immunoglobulin A (IgA) antibodies block bacteria 
from adhering to epithelial cells that line nasal 
passages and similar mucosal surfaces in the body. 
But Neisseria meningitidis, a cause of meningitis, 
can colonize such cells by first releasing a protease 
(enzyme) that degrades the antibodies. 

TrIggerINg SeLf-DeSTruCTION 
Certain host cells such as macrophages train other 
immune cells to recognize a pathogen, but Salmo-
nella enterica prevents that from happening. The 
bacterium uses its T3SS to inject the cell with 
flagellin, a protein that sets off signaling cascades 
that ultimately trigger a cell suicide mechanism. 

Swollen 
lymph node

Flagellin

S. enterica

Signaling 
cascade

N. meningitidis 

T3SS

Effector

Nucleus

Protease

IgA
Dying cell

Cell membrane

Macrophage

Y. pestis

Mucus
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into the likely origin of bacterial secretion sys-
tems, which apparently evolved not to sicken hu-
mans but to protect the bugs from attack by sin-
gle-celled organisms in the soil. Legionella nor-
mally uses its T4SS to survive when ingested by 
soil amoebas, which are remarkably similar in 
many of their mechanisms to human phagocytic 
cells. This association with amoebas even gave 
the microbe its name. At an American Legion 
meeting in Philadelphia in 1976, amoebas con-
taining Legionella bacteria were blown through 
air-conditioning ducts into the hotel and deliv-
ered deep into the conventioneers’ lungs. Mac-
rophages in the humans’ alveoli ingested the Le-
gionella, much as an amoeba would. Thirty-
four people died of the resulting respiratory 
illness, and Legionnaires’ disease was born. 

Dodging the Sentries
The ability of bacteria to set up housekeeping 
inside immune cells—the very cells meant to kill 
them—attests to the versatility of the microbes’ 
tool kit for co-opting cellular machinery. The 
similarity between human immune cells and bac-
terial predators outside human hosts may explain 
the origin of other bacterial survival tactics as 
well. Some of the most sophisticated mecha-
nisms that bacteria are known to deploy are 
devoted to evading host defenses and even enlist-
ing immune cells to help the microbes thrive. 

Y. pestis, for instance, is transmitted from 
rats to humans by flea bites that deliver the mi-
crobe directly into the blood. When circulating 
phagocytic cells attempt to engulf and kill the 
pathogen, Yersinia’s T3SS injects a set of at least 
four effectors that collectively paralyze the 
phagocytic machinery before the immune cells 
can swallow their prey. The circulating phago-
cytes, with Yersinia bacteria adhering to their 
surface, then filter into the lymph nodes, where 
the microbes start multiplying, causing the pain-
ful swellings, or bubos, that give bubonic plague 
its name. 

Many pathogens have evolved secretion/ 
injection systems able to selectively reprogram 
cell signaling and immune responses. Shigella 
dysenteriae, the causative agent of dysentery, 
exemplifies the range of tactics that a single spe-
cies of bacteria can sometimes employ in the 
course of infection. Although Shigella bacteria 
are extremely similar genetically to harmless 
strains of E. coli, Shigella possess a T3SS that 
injects 25 to 30 effectors, which cause host cells 
to take up the microbes, much as Salmonella are 
drawn in. Shigella then co-opt the cytoskeletal 

machinery to travel through the cell and pene-
trate a neighboring cell, thus avoiding any en-
counters with immune cells and antibody mol-
ecules that might wait outside the cells. 

Shigella’s other immune evasion and repro-
gramming mechanisms are not completely un-
derstood, but several of its effectors are known 
to interact directly with the internal signaling 
systems in host cells in ways that neutralize some 
of the distress calls an infected cell would nor-
mally send out. Not all host cell signals are si-
lenced, however. The microbe also counts on a 
certain amount of signaling to draw dendritic 
cells to the site of infection. It then penetrates 
those phagocytic cells, using them as a Trojan 
horse to carry them through the intestinal wall—
a journey that disrupts the wall and causes the 
severe diarrhea characteristic of dysentery. 

It is not only the innate immune system that 
bacteria dupe. Some have learned to avoid the 
“acquired” immune response, which consists of 
T cells and antibody-producing B cells that are 
trained by innate immune cells to recognize a 
specific pathogen by its surface features (anti-
gens). Microbes may dodge these defenses, either 
by constantly changing surface proteins to evade 
antibodies or by secreting enzymes that degrade 
antibodies. Shigella is one of several pathogens 
able to block antibodies from ever being made, 
by preventing phagocytic cells from presenting 
antigens to the cells of the acquired immune sys-
tem. Salmonella is also able to trigger an inter-
nal signaling cascade that induces phagocytic 
cells to commit suicide before they can interact 
with cells of the acquired immune system.

a competitive community
To thrive in a body, pathogens need to do more 
than manipulate cell signaling and outwit 
immune defenses. They also have to outcompete 
the body’s hordes of normal, friendly bacteria—

players that were virtually ignored by most 
microbiologists and immunologists until recent-
ly. All the surfaces of the body exposed to the 
environment, including the lining of the gastro-
intestinal tract, contain an enormous population 
of these “commensal” microbes. Each gram of 
the large intestine’s contents, for example, con-
tains approximately 60 billion bacteria—10 
times the number of people on the planet.

One of the most obvious ways to eliminate 
competition is to cause diarrhea and thereby 
flush one’s opponents out of the body, at least 
temporarily. My colleagues and I have shown 
that a mouse version of pathogenic E. coli, 

[THe AuTHOr]

B. Brett finlay is the peter wall 
Distinguished professor in the 
michael Smith Laboratories, the 
biochemistry and molecular biolo-
gy department, and the microbiol-
ogy and immunology department 
at the university of British Colum-
bia. His research centers on host-
pathogen interactions at the 
molecular level and has led to 
several fundamental discoveries. 
finlay has won numerous scientific 
awards and is a co-founder of 
Inimex pharmaceuticals, as well as 
director of the SArS Accelerated 
vaccine Initiative.

Secretion  
systems evolved 
not to sicken 
humans but to 
protect the bugs 
from attack by 
single-celled 
organisms in 
the soil. 
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known as Citrobacter rodentium, intentionally 
triggers inflammation of the intestine, an influx 
of innate immune cells that kills off a particular 
subset of the animal’s normal gut microbiota. 
Without these rivals for resources, the pathogens 
multiply rapidly, and their dominance lasts until 
the acquired immune system becomes activated 
against them. The immune cells ultimately clear 
the pathogens, and then normal flora repopulate 
the gut, returning to approximately their origi-
nal composition and numbers. 

Similarly, a mouse version of Salmonella 
adapts its behavior to the makeup of the host’s mi-
crobiota. The bacterium usually causes a systemic 
typhoidlike disease in mice; however, if the nor-
mal mouse microbiota are altered in advance by 
pretreating the mice with high doses of antibiot-
ics, the pathogen produces a disease that is limit-
ed to the gastrointestinal tract. Competition from 
the resident gut microbes seemingly drives the 
Salmonella to invade the body and cause system-
ic illness, but when the resident flora are changed, 
Salmonella are content to remain in the gut. 

Interactions among microbes, both patho-
genic and benign, inside a host’s body also pro-
vide opportunities for pathogens to gain and ex-
change weapons. Indeed, many pathogens have 
evolved from harmless microbes by acquiring 
genes that confer new properties. In this sense, 
the gut can be considered a great microbial ge-
netic Internet, allowing the sharing of genes en-
coding “virulence factors”—the tools and tricks 
that enhance bacterial virulence, such as secre-
tion systems or effector proteins. 

Acquiring new pathogenicity islands can give 
the microbe an advantage by allowing it to colo-
nize a new host or to become more aggressive. 
The deadly E. coli O157, for example, is thought 
to have appeared for the first time in the late 
1970s, when a relatively benign E. coli acquired 
a pathogenicity island encoding a new T3SS and 
gained the gene for making Shiga toxin—prop-
erties that together produce severe diarrhea and 
kidney disease in O157 infections. 

Building new Weapons
Discovery of injection systems and other tools 
that help pathogens to survive and thrive inside 
a host is suggesting ideas for therapy that go 
beyond the classic antibiotic strategy of directly 
damaging bacterial cells. My research group, for 
instance, has taken advantage of our knowledge 
of secretion systems to devise a novel vaccine 
against E. coli O157. 

The vaccine contains pieces of the patho-

gen’s T3SS as well as several of its effectors, so 
the acquired immune system can learn to im-
mediately recognize and neutralize the pro-
teins, preventing the bacterium from deploying 
them. This particular vaccine protects people 
from afar: it is for cows. E. coli O157 resides 
harmlessly in about half of domesticated cattle, 
but cow fecal matter can spread it to human 
food and water supplies, which is why this 
pathogen most often causes illness through 
tainted meat or produce. By eliminating O157 
at its source, the vaccine—which is now used in 
Canadian cattle and is undergoing approval in 
the U.S.—can help keep O157 from ever finding 
its way to a human host.

Many investigators are exploring other cre-
ative strategies for disabling pathogens. Once a 
bacterium’s virulence factors are known, one 
might develop therapies that render the microbe 
harmless by shutting off the genes that give rise 
to those factors. A related approach is creating 
molecules that block a bacterium’s cell adhesion 
molecules—preventing it from gaining a foot-
hold in the host. Such an antiadhesin targeted 
against pathogenic E. coli has already complet-
ed human efficacy trials, and similar drugs are 
in earlier stages of development. 

Interfering with organisms’ ability to com-
municate with one another is also an intriguing 
possibility. Bacteria such as E. coli gauge their 
location in the gut by “listening” to chemical sig-
nals from normal microbiota and host cells, and 
that information plays a part in their decision to 
attack. Another pathogen, Pseudomonas aerug-
inosa, forms colonies called biofilms in the 
lungs, and investigators at the University of Co-
penhagen recently showed that constituents of 
the biofilm send out signals to warn of approach-
ing immune cells, which causes the other bacte-
ria to secrete an immune cell–killing peptide. 

One of the advantages of targeting bacterial 
factors that help make us sick is that those mol-
ecules are not usually essential to the microbe’s 
ability to survive outside our bodies. In contrast 
to traditional antibiotics, which attempt to kill 
pathogens outright, newer treatments blocking 
communication and other virulence mecha-
nisms would leave organisms harmless but alive, 
and so resistance to the treatments would prob-
ably arise more slowly, if at all. 

Even more indirect methods of subverting 
pathogens focus on making the environment un-
friendly for them. The prospect that host micro-
biota could be altered to compete with patho-
gens is being hotly pursued by many investiga-

vITAL vACCINe: Cattle can carry  
E. coli O157:H7 without becom-
ing sick, but the bacteria can 
cause lethal kidney failure  
in humans. econiche, a cattle 
vaccine against the pathogen, is 
licensed in Canada and awaiting 
approval in the u.S. It protects 
people by keeping the pathogen 
out of the food supply.

Many pathogens 
have evolved 
from harmless 
microbes by 
acquiring genes 
that confer  
new properties. 
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defense peptides: small proteins produced by in-
nate immune cells in response to pathogens. Some 
of these directly penetrate microbial cell mem-
branes to kill the intruder; others act as signaling 
molecules to call for immune cell reinforcements. 
A peptide we discovered, called IDR-1, is in the 
latter group. It induces dendritic cells to emit 
chemical signals calling for macrophages to bat-
tle pathogens but does not induce the dendritic 
cells to send out certain types of signals—sub-
stances such as tumor necrosis factor-alpha—

that can cause a cascade of runaway inflamma-
tion. In fact, in animal trials, the molecule re-
duced inflammation while increasing the response 
of desirable immune cells to the site of infection.

Turnabout is fair play, and if microbes can 
learn to manipulate human immune cells’ sig-
naling, certainly people can do the same. As sci-
entists’ knowledge about how bacteria cause dis-
ease has grown exponentially over the past two 
decades, the sophistication of microbial viru-
lence mechanisms has become increasingly ap-
parent. Pathogens have evolved along with their 
hosts, fine-tuning their tool kits to an extraordi-
nary degree. But just as the microbes have an im-
pressive array of tricks up their proverbial 
sleeves, so do we. Studying the remarkable meth-
ods that bacteria use to invade and outwit hosts 
has improved understanding of immunity and 
disease processes as well. This growing under-
standing of host-pathogen-microbiota interac-
tions is already allowing scientists to design new 
ways to prevent and treat bacterial infections—

alternatives that cannot come too soon.  ■

tors. The principle of introducing probiotics 
(harmless bacteria such as Lactobacillus) and 
prebiotics (sugars to enhance growth of benefi-
cial bacteria) to protect against disease is widely 
known, and many people have used substances 
such as yogurt to try to enhance their commen-
sal populations. But those strategies have not yet 
been tested rigorously enough to determine 
which friendly bacteria would be most benefi-
cial, nor has anyone identified specific microbes 
that would be powerful enough to combat an es-
tablished infection. 

Work is somewhat further along in finding 
ways to boost the ability of human immune cells 
to fight off pathogens, however. Many immune-
stimulating substances are already widely used 
in minute amounts as additives to vaccines, 
without harmful side effects. And several bio-
technology companies are currently in early 
stages of research or in early clinical trials with 
new substances designed to enhance or refine 
natural immune responses. This approach could 
be used to augment other therapies and possibly 
to prevent or even treat active infections. 

Perhaps the greatest hurdle in the effort to de-
velop new drugs for this purpose is uncoupling 
the beneficial aspects of inflammation—its nor-
mal role is to rally needed immune cells to battle 
the invader—from harmful levels of inflamma-
tion that can hurt the host. Evidence gathered so 
far suggests that obstacle can be overcome, 
though. One example is a drug based on my 
group’s research with our University of British 
Columbia colleague Robert Hancock into host 

Targeting Bacterial weapons
With a better understanding of the tools bacteria use to subvert host cells and defenses, scientists are developing  
a variety of approaches to counter the bugs’ attack. A few of the examples below are in early (phase 1 or phase 2) 
human testing, but most are in preclinical (laboratory) stages of development.

MorE to ➥
 ExplorE

An Anti-infective peptide That 
Selectively modulates the Innate 
Immune response. Monisha G. Scott 
et al. in Nature Biotechnology, Vol. 25, 
No. 4, pages 465–472; published  
online, March 25, 2007.

manipulation of Host-Cell  
pathways by Bacterial pathogens. 
Amit P. Bhavsar, Julian A. Guttman 
and B. Brett Finlay in Nature, Vol. 449, 
pages 827–834; October 18, 2007.

molecular mechanisms of Escheri-
chia coli pathogenicity. Matthew 
A. Croxen and B. Brett Finlay in Nature 
Reviews Microbiology; published  
online, December 7, 2009. 

[THerApIeS]

TARGET SuBSTANCE (HOW IT WORkS) TESTING STAGE

Adhesion to 
human cells

Immunoglobulin (blocks operation of bacterial adhesion proteins) Phase 2*

glycodendrimers (act as decoys for bacterial adhesion proteins) Preclinical

pilicides (impede manufacture of adhesion proteins) Preclinical

Type 3 secretion 
systems

Salicylidene acylhydrazides (block assembly of secretion system) Preclinical

virulence genes
virstatin (blocks manufacture of toxin and adhesion molecules) Preclinical

Inhibitory autoinducing peptides (block manufacture of  
communication molecules)

Preclinical

Communication Azithromycin (interferes with multiple aspects of bacterial communication) Preclinical*

Host immune 
cells

ImX942 (modifies signaling and inflammation) Phase 1 (Canada)

Sodium butyrate (induces production of antimicrobial peptides) Phase 2
*Already FDA-approved for other uses.
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B illions of people today owe their lives to a 
single discovery now a century old. In 
1909 German chemist Fritz Haber of the 

University of Karlsruhe figured out a way to 
transform nitrogen gas—which is abundant in 
the atmosphere but nonreactive and thus un-
available to most living organisms—into ammo-
nia, the active ingredient in synthetic fertilizer. 
The world’s ability to grow food exploded 20 
years later, when fellow German scientist Carl 
Bosch developed a scheme for implementing 
Haber’s idea on an industrial scale.

Over the ensuing decades new factories 
transformed ton after ton of industrial ammo-
nia into fertilizer, and today the Haber-Bosch 
invention commands wide respect as one of the 
most significant boons to public health in hu-
man history. As a pillar of the green revolution, 
synthetic fertilizer enabled farmers to transform 
infertile lands into fertile fields and to grow crop 
after crop in the same soil without waiting for 
nutrients to regenerate naturally. As a result, 
global population skyrocketed from 1.6 billion 
to six billion in the 20th century.

But this good news for humanity has come at 
a high price. Most of the reactive nitrogen we 
make—on purpose for fertilizer and, to a lesser 

extent, as a by-product of the fossil-fuel combus-
tion that powers our cars and industries—does 
not end up in the food we eat. Rather it migrates 
into the atmosphere, rivers and oceans, where it 
makes a Jekyll and Hyde style transformation 
from do-gooder to rampant polluter. Scientists 
have long cited reactive nitrogen for creating 
harmful algal blooms, coastal dead zones and 
ozone pollution. But recent research adds biodi-
versity loss and global warming to nitrogen’s rap 
sheet, as well as indications that it may elevate 
the incidence of several nasty human diseases.

Today humans are generating reactive nitro-
gen and injecting it into the environment at an 
accelerating pace, in part because more nations 
are vigorously pursuing such fertilizer-intensive 
endeavors as biofuel synthesis and meat produc-
tion (meat-intensive diets depend on massive 
growth of grain for animal feed). Heavy fertil-
izer use for food crops and unregulated burning 
of fossil fuels are also becoming more prevalent 
in regions such as South America and Asia. Not 
surprisingly, then, dead zones and other nitro-
gen-related problems that were once confined to 
North America and Europe are now popping  
up elsewhere.

At the same time, fertilizer is, and should be, 

Key conceptS
Nitrogen pollution from  ■

smokestacks, tailpipes 
and heavily fertilized 
croplands creates a  
host of challenges for  
the environment and  
human health.

Such ills are mounting   ■

as some countries burn 
more fossil fuels and pur-
sue fertilizer-intensive 
endeavors, such as bio-
fuels production.

Synthetic fertilizer re- ■

mains indispensable for 
meeting global food  
demands, but the world 
can—and should—do 
more with less. 

 —The Editors

environment

Fixing the global  

Humanity depends on nitrogen to fertilize croplands, but growing global use is 
damaging the environment and threatening human health. How can we chart  
a more sustainable path?    By Alan r. townsend and robert W. Howarth

Nitrogen Problem

© 2010 Scientific American
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living states on land and in both freshwater and 
saltwater and in symbiotic relationships with the 
roots of legumes, which constitute some the 
world’s most important crops. Another small 
amount of nitrogen gas is fixed when lightning 
strikes and volcanic eruptions toast it.

Before humanity began exploiting Haber-
Bosch and other nitrogen-fixation techniques, 
the amount of reactive nitrogen produced in the 
world was balanced by the activity of another 
small bacterial group that converts reactive ni-
trogen back to N2 gas in a process called denitri-
fication. In only one human generation, though, 
that delicate balance has been transformed com-
pletely. By 2005 humans were creating more 
than 400 billion pounds of reactive nitrogen 
each year, an amount at least double that of  
all natural processes on land combined [see top 
illustration on page 68].

At times labeled nature’s most promiscuous 
element, nitrogen that is liberated from its non-
reactive state can cause an array of environmen-
tal problems because it can combine with a mul-

a leading tool for developing a reliable food sup-
ply in sub-Saharan Africa and other malnour-
ished regions. But the international community 
must come together to find ways to better man-
age its use and mitigate its consequences world-
wide. The solutions are not always simple, but 
nor are they beyond our reach. 

Too Much of a Good Thing
Resolving the nitrogen problem requires an 
understanding of the chemistry involved and a 
sense of exactly how nitrogen fosters environ-
mental trouble. The element’s ills—and bene-
fits—arise when molecules of N2 gas break apart. 
All life needs nitrogen, but for the vast majority 
of organisms, the biggest reservoir—the atmo-
sphere—is out of reach. Although 78 percent of 
the atmosphere consists of N2, that gas is inert. 
Nature’s way of making nitrogen available for 
life relies on the action of a small group of bacte-
ria that can break the triple bond between those 
two nitrogen atoms, a process known as nitrogen 
fixation. These specialized bacteria exist in free-

The world  
is capable  
of growing 
more food  
with leSS 
fertilizer.

[Need to kNow]

Nitrogen’s dark Side
doubled up as N2 gas, the most abundant component of the earth’s atmosphere, nitrogen is harmless. But in its reactive forms,  
which emanate from farms and fossil-fuel-burning factories and vehicles, nitrogen can have a hand in a wide range of problems for the  
environment and human health. 

●1  the nitrogen produced during fossil-fuel combustion can cause  
 severe air pollution . . .

●3  and joins with nitrogen leaking from fertilized fields, farm animal excrement, human  
 sewage and leguminous crops.

●4  when too much nitrogen enters terrestrial ecosystems, it can  
 contribute to biodiversity decline and perhaps to increased risk for  
 several human illnesses.

●5  A single nitrogen atom from a factory, vehicle or farm  
 can acidify soil and contaminate drinking water before  
 entering rivers . . .

●2  before it then combines with water to create nitric acid in rain . . .Power plant

Air pollution

Farm animals

Leguminous crops

Fertilizer

Acid rain

Human sewage
Vehicles
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embarrassment of riches. Thus, they lose out to 
new species that are more competitive in a nutri-
ent-rich world. Often the net effect is a loss of 
biodiversity. For example, grasslands across 
much of Europe have lost a quarter or more of 
their plant species after decades of human-creat-
ed nitrogen deposition from the atmosphere. 
This problem is so widespread that a recent sci-
entific assessment ranked nitrogen pollution as 
one of the top three threats to biodiversity around 
the globe, and the United Nations Environment 
Program’s Convention on Biological Diversity 
considers reductions of nitrogen deposition to be 
a key indicator of conservation success. 

The loss of a rare plant typically excites little 
concern in the general public or among those 
who forge policy. But excess nitrogen does not 
just harm other species—it can threaten our 
own. A National Institutes of Health review sug-
gests that elevated nitrate concentrations in 
drinking water—often a product of water pollu-
tion from the high nitrate levels in common fer-
tilizers—may contribute to multiple health prob-
lems, including several cancers. Nitrogen-related 
air pollution, both particulates and ground-level 
ozone, affects hundreds of millions of people, el-
evating the incidence of cardiopulmonary ail-
ments and driving up overall mortality rates. 

Ecological feedbacks stemming from excess 
nitrogen (and another ubiquitous fertilizer chem-
ical, phosphorus) may be poised to hit us with a 
slew of other health threats as well. How big or 
varied such responses will become remains to be 
seen, but scientists do know that enriching eco-
systems with nitrogen changes their ecology in 
myriad ways. Recent evidence suggests that ex-
cess nitrogen may increase risk for Alzheimer’s 
disease and diabetes if ingested in drinking wa-
ter. It may also elevate the release of airborne al-
lergens and promote the spread of certain infec-
tious diseases. Fertilization of ragweed elevates 
pollen production from that notorious source, 
for instance. Malaria, cholera, schistosomiasis 
and West Nile virus show the potential to infect 
more people when nitrogen is abundant.

These and many other illnesses are controlled 
by the actions of other species in the environ-
ment, particularly those that carry the infective 
agent—for example, mosquitoes spread the ma-
laria parasite, and snails release schistosomes 
into water. Snails offer an example of how nitro-
gen can unleash a chain reaction: more nitrogen 
or phosphorus run-off fuels greater plant growth 
in water bodies, in turn creating more food for 
the snails and a larger, faster-growing population 

titude of chemicals and can spread far and wide. 
Whether a new atom of reactive nitrogen enters 
the atmosphere or a river, it may be deposited 
tens to hundreds of miles from its source, and 
even some of the most remote corners of our 
planet now experience elevated nitrogen levels 
because of human activity. Perhaps most insidi-
ous of all: a single new atom of reactive nitrogen 
can bounce its way around these widespread en-
vironments, like a felon on a crime spree. 

Reaping the Consequences
When nitrogen is added to a cornfield or to a 
lawn, the response is simple and predictable: 
plants grow more. In natural ecosystems, how-
ever, the responses are far more intricate and fre-
quently worrisome. As fertilizer-laden river 
waters enter the ocean, for example, they trigger 
blooms of microscopic plants that consume oxy-
gen as they decompose, leading later to so-called 
dead zones. Even on land, not all plants in a com-
plex ecosystem respond equally to nitrogen sub-
sidies, and many are not equipped for a sudden 

[tHe AutHorS]

Alan r. townsend is incoming 
director of the environmental 
Studies Program at the university 
of Colorado at Boulder and is a 
professor in the university’s Insti-
tute of Arctic and Alpine research 
and department of ecology and 
evolutionary biology. He studies 
how changes in climate, land use 
and global nutrient cycles affect 
the basic functioning of terrestrial 
ecosystems. robert w. Howarth, 
who is david r. Atkinson Professor 
of ecology and environmental 
Biology at Cornell university, 
studies how human activities alter 
ecosystems, with an emphasis on 
freshwater and marine locales. 

fast facts
More than half the synthetic nitrogen 
fertilizer ever produced was applied 
in the past 20 years.

The production of synthetic nitrogen 
has skyrocketed 80 percent since 
1960, dwarfing the 25 percent 
increase in atmospheric carbon 
dioxide over that same period.

If Americans were to switch to  
a typical Mediterranean diet,  
the country’s fertilizer use would  
be cut in half.

●6  where it can travel to the oceans and help fuel  
 toxic algal blooms and coastal dead zones.

●7  At any point along this chain, bacteria may  
  transform the rogue atom into nitrous oxide, a 

potent greenhouse gas that also speeds the loss 
of protective stratospheric ozone. only bacteria 
that convert the atom back to innocuous N2 gas 
can halt its ill effects.

Algal bloom

dead zone
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dioxide (CO2) and offset global warming.
Reactive nitrogen is an especially worri-

some threat to climate change when it occurs 
as nitrous oxide (N2O)—among the most 
powerful of greenhouse gases. One mole-
cule of N2O has approximately 300 times 
the greenhouse warming potential of one 
molecule of CO2. Although N2O is far less 

abundant in the atmosphere than CO2 is, its 
current atmospheric concentration is respon-

sible for warming equivalent to 10 percent of 
CO2’s contribution. It is worth noting that excess 
nitrogen can at times counteract warming—by 
combining with other airborne compounds to 
form aerosols that reflect incoming radiation, for 
example, and by stimulating plants in nitrogen-
limited forests to grow faster and thus scrub 
more CO2 out of the atmosphere. But despite un-
certainties regarding the balance between nitro-
gen’s heating and cooling effects, most signs in-
dicate that continued human creation of excess 
nitrogen will speed climate warming. 

What to Do
Although fertilizer production accounts for 
much of the nitrogen now harming the planet—

of these disease-bearing agents. The extra nu-
trients also fuel an exponentially increasing 
effect of having each snail produce more 
parasites. It is too soon to tell if, in gener-
al, nutrient pollution will up the risk of dis-
ease—in some cases, the resulting ecologi-
cal changes might lower our health risks. 
But the potential for change, and thus the 
need to understand how it will play out, is 
rising rapidly as greater use of fertilizers 
spreads to disease-rich tropical latitudes in the 
coming decades. 

Mounting evidence also blames reactive 
nitrogen for an increasingly important role in 
climate change. In the atmosphere, reactive 
nitrogen leads to one of its major unwanted by-
products—ground-level ozone—when it occurs 
as nitric oxide (NO) or as nitrogen dioxide 
(NO2), collectively known as NOx. Such ozone 
formation is troubling not only because of its 
threat to human health but also because  
at ground level, ozone is a significant green-
house gas. Moreover, it damages plant tissues, 
resulting in billions of dollars in lost crop 
production every year. And by inhibiting growth, 
ozone curtails plants’ ability to absorb carbon  

Shifting Hotspots 
regions of greatest nitrogen use (red) were once limited mainly to europe and North America. But as new economies develop and  
agricultural trends shift, patterns in the distribution of nitrogen are changing rapidly. recent growth rates in nitrogen use are now  
much higher in Asia and in Latin America, whereas other regions—including much of Africa—suffer from fertilizer shortages.

[gLoBAL PerSPeCtIVeS]

HuMAN ACtIVItIeS have tripled 
the amount of reactive nitrogen 
released into terrestrial envi-
ronments and coastal oceans 
every year. 

HuMAN ACtIVItIeS 

~200  
billion pounds yearly

Synthetic fertilizer, fossil-fuel 
combustion, industrial uses of ammonia 
(plastics, explosives, etc.), cultivation of 
soybeans and other leguminous crops

Nitrogen-fixing bacteria on land, 
lightning, volcanoes

~400  
billion pounds yearly

NAturAL SourCeS

NORTH CHINA PLAIN:  
More vigorous application  
of fertilizer has produced 
stunning increases in maize 
and wheat production, but 
China now has the highest 
fertilizer inputs in the world. 

SOUTHERN BRAZIL: Rapid 
population growth and 
industrialization around  
Sao Paulo, poor civic sewage 
treatment and vibrant sugar 
cane production all contribute 
to this new South American 
nitrogen hotspot.
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common crops, a quarter to 
half immediately runs off the 
field with rainwater or works 
its way into the atmosphere. 

Precision farming tech-
niques can also help. Apply-
ing fertilizer near plant roots 
only at times of maximum 
demand is one example of 
methods that are already in 
play in some of the wealthier 
agricultural regions of the 
planet. By taking advantage 
of Global Positioning System 
technology to map their 
fields, coupled with remotely 
sensed estimates of plant nu-
trient levels, farmers can re-
fine calculations of how 
much fertilizer a crop needs 
and when. But the high-tech 
equipment is costly, prohibi-
tively so for many indepen-

dent farmers, and so such precision farming is 
not a panacea. 

The solutions are not all high tech. Cheaper 
but still effective strategies can include planting 
winter cover crops that retain nitrogen in a field 
instead of allowing a field to lie bare for months, 
as well as maintaining some form of plant cover 
in between the rows of high-value crops such as 
corn. Simply applying fertilizer just before spring 
planting, rather than in the fall, can also make a 
big difference.

The world can also take advantages of chang-
es in meat production. Of the nitrogen that ends 
up in crop plants, most goes into the mouths of 
pigs, cows and chickens—and much of that is 
then expelled as belches, urine and feces. Al-
though a reduction in global meat consumption 
would be a valuable step, meat protein will re-
main an important part of most human diets, so 
efficiencies in its production must also improve. 
Changing animal diets—say, feeding cows more 
grass and less corn—can help on a small scale, as 
can better treatment of animal waste, which, like 
sewage treatment facilities for human waste, 
converts more of the reactive nitrogen back into 
inert gas before releasing it into the environment 
[see “The Greenhouse Hamburger,” by Nathan 
Fiala; Scientific American, February 2009].

On the energy side, which represents about 
20 percent of the world’s excess nitrogen, much 
reactive nitrogen could be removed from current 
fossil-fuel emissions by better deployment of 

roughly two thirds of that 
fixed by humans—abandon-
ing it certainly is not an 
option. Fertilizer is too 
important for feeding the 
world. But an emphasis on 
efficient use has to be a part 
of the solution, in both the 
wealthy and the developing 
nations.

Wealthy countries have 
blazed a path to an agricul-
tural system that is often ex-
ceptionally nitrogen-inten-
sive and inefficient in the use 
of this key resource. Too of-
ten their use of nitrogen has 
resembled a spending spree 
with poor returns on the in-
vestment and little regard for 
its true costs. Elsewhere, a 
billion or more people stand 
trapped in cycles of malnu-
trition and poverty. Perhaps best exemplified by 
sub-Saharan Africa, these are regions where ag-
ricultural production often fails to meet even ba-
sic caloric needs, let alone to provide a source of 
income. Here an infusion of nitrogen fertilizers 
would clearly improve the human condition. Re-
cent adoption of policies to supply affordable 
fertilizer and better seed varieties to poor farm-
ers in Malawi, for example, led to substantial in-
creases in yield and reductions in famine. 

But this fertilizer does not need to be slath-
ered on injudiciously. The proof is out there: 
studies from the corn belt of the U.S. Midwest 
to the wheat fields of Mexico show that overfer-
tilization has been common practice in the 
breadbaskets of the world—and that less fertil-
izer often does not mean fewer crops. The sim-
ple fact is that as a whole, the world is capable 
of growing more food with less fertilizer by 
changing the farming practices that have be-
come common in an era of cheap, abundant fer-
tilizer and little regard for the long-term conse-
quences of its use. Simply reducing total appli-
cation to many crops is an excellent starting 
point; in many cases, fertilizer doses are well 
above the level needed to ensure maximum yield 
in most years, resulting in disproportionately 
large losses to the environment. In the U.S., peo-
ple consume only a little more than 10 percent 
of what farmers apply to their fields every year. 
Sooner or later, the rest ends up in the environ-
ment. Estimates vary, but for many of our most 

It’s Up to YoU
Making certain personal choices 
will reduce your carbon and nitro-
gen footprints simultaneously:

Support wind power, hybrid cars  ■

and other policies designed to 
reduce fossil-fuel consumption.

Choose grass-fed beef and   ■

eat less meat overall.

Buy locally grown produce. ■

BIoFueLS FreNZY: Corn-based biofuels and their fertilizer-intensive  
production may contribute more to global warming than they  
alleviate in fossil-fuel savings.
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should employ sustainable solutions from the 
outset—to avoid repeating mistakes made in the 
U.S. and elsewhere.

Promising improvements could occur even 
without the regulatory threat of monetary fines 
for exceeding emissions standards. Market-
based instruments, such as tradable permits, may 
also be useful. This approach proved remarkably 
successful for factory emissions of sulfur dioxide. 
Adoption of similar approaches to NOX pollu-
tion are already under way, including the U.S. 
Environmental Protection Agency’s NOX Budget 
Trading Program, which began in 2003. Such 
policies could be extended to fertilizer runoff and 
livestock emissions as well—although the latter 
are more difficult to monitor than the smoke-

stacks of a coal-burning power plant.
Other approaches to the problem are also 

beginning to take hold, including better 
use of landscape design in agricultural ar-
eas, especially ensuring that crop fields 
near bodies of water are fringed by inter-
vening wetlands that can markedly reduce 
nitrogen inputs to surface waters and the 

coastal ocean. Protected riparian areas, such 
those promoted by the U.S. Conservation Re-

serve Program, can do double duty: not only 
will they reduce nitrogen pollution, but they 
also provide critical habitat for migratory birds 
and a host of other species.

Substantial progress may also require a re-
thinking of agricultural subsidies. In particular, 
subsidies that reward environmental stewardship 
can bring about rapid changes in standard prac-
tice. A recent not-for-profit experiment run by 
the American Farmland Trust shows promise. 
Farmers agreed to reduce their fertilizer use and 
directed a portion of their cost savings from low-
ered fertilizer purchases to a common fund. They 
then fertilized the bulk of the crop at reduced 
rates, while heavily fertilizing small test plots. If 
such plots exceeded the average yield of the entire 
field, the fund paid out the difference.

As one of us (Howarth) reported in a Millen-
nium Ecosystem Assessment in 2005, such pay-
outs would rarely be required, given the current 
tendency to overfertilize many crops. The aver-
age farmer in the breadbasket of the upper U.S. 
Midwest (the source of the great majority of ni-
trogen pollution fueling the Gulf of Mexico 
dead zones) typically uses 20 to 30 percent more 
nitrogen fertilizer than agricultural extension 
agents recommend. As predicted, farmers who 
participated in this and similar experiments 
have applied less fertilizer with virtually no de-

NOX-scrubbing technologies in smokestacks 
and other sources of industrial pollution. Be-
yond that, a sustained global effort to improve 
energy efficiency and move toward cleaner, re-
newable sources will drop nitrogen emissions 
right alongside those for carbon. Removing the 
oldest and least-efficient power plants from pro-
duction, increasing vehicle emission standards 
and, where possible, switching power generation 
from traditional combustion to fuel cells would 
all make a meaningful difference.

Of course, one source of renewable energy—

biofuel made from corn—is generating a new de-
mand for fertilizer. The incredible increase in the 
production of ethanol from corn in the U.S.—a 
nearly fourfold rise since 2000—has already had 
a demonstrable effect on increased nitrogen 
flows down the Mississippi River, which car-
ries excess fertilizer to the Gulf of Mexico, 
where it fuels algal blooms and creates 
dead zones. According to a report last April 
by the Scientific Committee on Problems of 
the Environment (then part of the Interna-
tional Council for Science), a business-as-
usual approach to biofuel production could 
exacerbate global warming, food security 
threats and human respiratory ailments in addi-
tion to these familiar ecological problems.

How to Get It Done
Society already has a variety of technical tools 
to manage nitrogen far more effectively, retain-
ing many of its benefits while greatly reducing 
the risk. As for our energy challenges, a switch 
to more sustainable nitrogen use will not come 
easily, nor is there a silver bullet. Furthermore, 
technological know-how is not enough: without 
economic incentives and other policy shifts, 
none of these solutions will likely solve the 
problem.

The speed at which nitrogen pollution is ris-
ing throughout the world suggests the need for 
some regulatory control. Implementing or 
strengthening environmental standards, such as 
setting total maximum daily loads that can en-
ter surface waters and determining the reactive 
nitrogen concentrations allowable in fossil-fuel 
emissions, is probably essential. In the U.S. and 
other nations, regulatory policies are being pur-
sued at both national and regional scales, with 
some success [see “Reviving Dead Zones,” by 
Laurence Mee; Scientific American, Novem-
ber 2006]. And as much needed policy changes 
bring fertilizer to those parts of the world large-
ly bypassed by the green revolution, those areas 

solUtIons 
are wIthIn 
reach

Industry can install more  ■

Nox-scrubbing tech-
nologies in smokestacks 
and other sources  
of pollution.

Farmers can use less  ■

fertilizer. For many crops, 
applying less fertilizer 
would not sacrifice yield.

Community officials can  ■

ensure that crop fields 
are fringed by wetlands 
that can absorb nitrogen-
laden runoff before it 
enters streams or lakes.

Nations can institute   ■

farm subsidies that 
reward environmental 
stewardship.
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grown food and eating grass-fed rather than 
corn-fed beef all tackle the carbon and nitrogen 
problems simultaneously. Individual choices 
alone are unlikely to solve the problems, but his-
tory shows they can spur societies to move down 
new paths. The well-known trade-offs between 
climate and energy production that were long ig-
nored as hypothetical now appear everywhere 
from presidential speeches to roadside billboards 
to budding regulatory schemes. 

Unfortunately, the nitrogen problem is in one 
critical way tougher than the carbon problem. 
In solving the latter, it is reasonable to work to-
ward a future of one day producing energy with-
out CO2-emitting fossil fuels. But it is not pos-
sible to envision a world free of the need to pro-
duce substantial amounts of reactive nitrogen. 
Synthetic fertilizer has been, and will continue 
to be, critical to meeting world food demands. 
Yet if we stay on a business-as-usual trajectory, 
with nitrogen production continuing to rise, we 
will face a future in which the enormous bene-
fits of Fritz Haber’s discovery become ever more 
shrouded by its drawbacks.

Still, as we have argued here, nitrogen cycle 
problems could be significantly reduced with 
current technology at relatively affordable costs. 
We can and must do better. It will take immedi-
ate and ongoing effort, but a sustainable nitro-
gen future is entirely achievable. ■

crease in crop yield and have saved money as a 
result, because what they paid into the fund is 
less than the amount they saved by buying less 
fertilizer. As a result, such funds grow with no 
taxpayer subsidy.

Finally, better public education and personal 
choice can play critical roles. In much the way 
that many individuals have begun reducing their 
own energy consumption, so, too, can people 
from all walks of life learn how to select a less 
nitrogen-intensive lifestyle. 

One big improvement would be for Ameri-
cans to eat less meat. If Americans were to switch 
to a typical Mediterranean diet, in which aver-
age meat consumption is one sixth of today’s 
U.S. rates, not only would Americans’ health im-
prove, the country’s fertilizer use would be cut 
in half. Such shifts in dietary and agricultural 
practices could simultaneously lower environ-
mental nitrogen pollution and improve public 
health: nitrogen-intensive agricultural practices 
in wealthier nations contribute to overly protein-
rich, often unbalanced diets that link to health 
concerns from heart disease and diabetes to 
childhood obesity. 

Making personal choices designed to reduce 
an individual’s carbon footprint can help—not 
just on the industrial side, as in supporting wind 
power and hybrid cars, but on the agricultural 
side as well. Eating less meat, eating locally 

More to ➥
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where Fertilizer Shortage Is the Problem 
Synthetic fertilizer has been, and will continue to be, critical to meeting world food demands, particularly in malnourished regions,  
such as sub-Saharan Africa, where increased fertilizer use is one of the leading strategies for developing a reliable food supply.

Humans already produce more than enough fertilizer to feed the 
world, but inequitable and inefficient distribution means that 

excessive use is causing problems in some places while poverty- 
stricken regions are mired in a cycle of malnutrition. Making  
synthetic fertilizer available to those who typically cannot afford  
it has clearly played a role in bettering food security and the  
human condition in parts of rural sub-Saharan Africa, where wide-
spread malnutrition stems directly from nutrient depletion and  
soil erosion.

Fertilizer subsidies are one pillar of the African Millennium Villages 
Project, an ambitious proof-of-concept project in which coordinated 
efforts to improve health, education and agricultural productivity are 
now under way in a series of rural villages across Africa. Launched in 
2004, the project was implemented on a national scale in Malawi. 
After a decade of repeated food shortages and famine, Malawi created 
subsidies that provided poor farmers with synthetic fertilizer and 
improved seed varieties. Although better climate conditions played a 
role, the approach clearly worked: Malawi went from a 43 percent food 
deficit in 2005 to a 53 percent surplus in 2007.  —A.R.T. and R.W.H.

SYNtHetIC FertILIZer remains critical in Mwandama, Malawi.

[CouNterPoINt]
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Seeing
Forbidden

Engineers often load a structure with weight 
until it collapses or shake it until it flies 
apart. Like engineers, many scientists also 

have a secret love for destructive testing—the 
more catastrophic the failure, the better. Human 
vision researchers avoid irreversible failures (and 
lawsuits) but find reversible failures fascinating 
and instructive—and sometimes even important, 
as with the devastating spatial disorientations 
and visual blackouts that military pilots can ex-
perience. At the U.S. Air Force Research Labora-
tory, the two of us explore the most catastrophic 
visual failures we can arrange. We create condi-
tions in which people see images flowing like hot 
wax and fragmenting like a shattered mosaic. 
Here, we tell the story of the two most intriguing 
perceptual breakdowns we have studied: forbid-
den colors and biased geometric hallucinations.

Have you ever seen the color bluish yellow? 
We do not mean green. Some greens may appear 
bluish and others may appear yellow-tinged, but 
no green (or any other color) ever appears both 

bluish and yellowish at the same moment. And 
have you ever seen reddish green? We do not 
mean the muddy brown that might come from 
mixing paints, or the yellow that comes from 
combining red and green light, or the texture of 
a pointillist’s field of red and green dots. We 
mean a single color that looks reddish and green-
ish at the same time, in the same place.

By arranging the right conditions, we have 
seen these unimaginable, or “forbidden,” colors, 
as have our experimental subjects. And we have 
found ways to control, or bias, the hallucinatory 
patterns of concentric circles and wheel spokes 
that people can see in rapidly flickering light—
although the bias worked opposite to our expec-
tations. Both these phenomena reveal something 
new about the neural basis of opponency, one of 
the oldest concepts in the science of perception.

Opponency is ubiquitous in physiology. For 
example, to bend your arm, you relax your triceps 
while contracting your biceps; biceps and triceps 
are opponent muscles, in that they act in direct 

perception
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Key conceptS
Red and green are called  ■

opponent colors because 
people normally cannot 
see redness and greenness 
simultaneously in a single 
color. The same is true for 
yellow and blue. 

Researchers have long  ■

regarded color opponency 
to be hardwired in the 
brain, completely forbid-
ding perception of reddish 
green or yellowish blue.

Under special circumstanc- ■

es, though, people can see 
the “forbidden” colors, 
suggesting that color op-
ponency in the brain has  
a softwired stage that  
can be disabled.

In flickering light, people  ■

see a variety of geometric 
hallucinations with prop-
erties suggestive of a geo-
metric opponency that pits 
concentric circles in oppo-
sition to fan shapes.

  —The Editors

opposition to each other. In 1872 German physi-
ologist Ewald Hering suggested that color vision 
was based on opponency between red and green 

and between yellow and blue; at each spot in 
the visual field, the redness and greenness 

muscles, so to speak, opposed each other. 
Perception of redness at a spot precluded 
perception of greenness there, and vice 

versa, just as you cannot simultaneously bend 
and straighten your arm. All the hues that people 
do see could be made by combining red or green 
with yellow or blue. Hering’s theory explained 
why humans can perceive blue and green togeth-
er in turquoise, red and yellow together in or-
ange, and so on, but never red with green or blue 
with yellow in the exact same time and place.

Crazy Colors
The observation that people never see mixtures 
of opponent colors has been one of the most 
secure in cognitive science. Research has suggest-
ed, moreover, that color opponency begins in the 
retina and the midbrain—the first brain region 
involved in vision—with nerves carrying data 
that amount to one color signal subtracted from 
another. The raw color signals originate with 
cone cells in the retina, which detect light in three 
overlapping bands of wavelengths. Other cells 
add and subtract the outputs from the three kinds 
of cone cells, producing signals relating to four 
primary colors—red, green, yellow and blue. But 
it is as if the visual system is wired with two data 
channels for color: a red-minus-green channel (in 
which positive signals represent levels of redness, 
negative signals represent greenness and zero sig-
nal represents neither) and a similarly operating 
yellow-minus-blue channel. Such hardwiring 
enforces Hering’s laws of color opponency.

In 1983, however, Hewitt D. Crane and 
Thomas P. Piantanida of SRI International in 

Menlo Park, Calif., reported a way to dodge the 
perceptual rules that forbid such colors as red-
dish green and yellowish blue. They had their 
subjects look at side-by-side fields of red and 
green or yellow and blue. Their apparatus tracked 
their subjects’ eye positions and moved mirrors 
to keep the color fields stabilized—that is, frozen 
in place on each subject’s retina despite all the 
continual little movements of the eye. Image sta-
bilization can lead to many interesting effects, 
such as an image seeming to break into pieces 
that wax and wane in visibility. Of particular in-
terest to Crane and Piantanida was the propen-
sity for borders to fade in stabilized images.

Indeed, their experimental subjects saw the 
border between the two opponent colors evapo-
rate; the colors flowed and mixed across the van-
ishing border. Some subjects reported seeing the 
forbidden reddish greens and yellowish blues. 
Others saw hallucinatory textures, such as blue 
glitter on a yellow background.

Crane and Piantanida’s article should have 
provoked widespread interest: two highly com-
petent investigators were reporting a major vio-
lation of the best-established psychophysical law. 
Instead the paper became the study that vision 
researchers did not talk about—the Crazy Old 
Aunt in the Attic of Vision.

We think four reasons contributed to this neg-
ligence. First, the result was inconsistent: some 
subjects saw the hallucinatory textures instead of 
forbidden colors. Second, the forbidden colors 
were hard to describe. Crane and Piantanida 
tried to get around this problem by having artists 
describe the colors. It did not help. Third, the ex-
periment was hard to replicate. Crane had in-
vented their special eye tracker, and it was expen-
sive and difficult to use. Finally, researchers had 
no theoretical basis for understanding the result. 
We are convinced this was the crucial obstacle—
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People can be made to see reddish green and  
yellowish blue—colors forbidden by theories of color 
perception. These and other hallucinations provide  
a window into the phenomenon of visual opponency

By Vincent A. Billock And BriAn H. tsou
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things that do not fit into the existing paradigm 
are hard to think about. Crane and Piantanida 
guessed that they had bypassed the part of the vi-
sual system responsible for color opponency and 
activated a perceptual filling-in mechanism, but 
they did not develop the idea.

Our Luminant Idea
Several years ago the two of us had an insight 
into a potential explanation for the varying per-
ceptions of Crane and Piantanida’s observers. We 
knew that, along with image stabilization, one 
other experimental condition leads to a similar 
loss of border strength: namely, when two adja-
cent colors have equal luminance. Luminance is 
similar but not identical to perceived brightness. 
Two colors are equiluminant to an observer if 
switching them very rapidly produces the least 
impression of flickering.

When subjects stare at two adjacent fields 
with equiluminant colors, they see the border be-
tween the colors weaken and disappear, allowing 
the colors to flow into each other—except in the 
case of red-green or yellow-blue pairs. We knew 
that this border-collapse effect is strongest when 
the observer minimizes eye movements. Perhaps 
the effects of equiluminance and stabilization 

would combine synergistically, leading to border 
collapse and color mixing powerful enough to 
happen consistently even with opponent colors. 
To test this idea, we teamed up with our Air 
Force Research Lab colleague Lt. Col. Gerald A. 
Gleason, who studied eye movements. 

We anchored our subjects to Gleason’s eye 
tracker using chinrests or bite bars to minimize 
head movement. We decided not to use artists 
and other laypeople as subjects. For this experi-
ment we wanted vision researchers raised on col-
or theory, skeptical about colors undreamt of in 
Hering’s philosophy, and able to describe their 
observations in a rich shorthand of “visionese”—

important when you are mumbling your obser-
vations through clenched teeth. And we wanted 
credible subjects who could testify to our incred-
ulous colleagues. Thus, we recruited seven vision 
researchers (including Billock and Gleason) with 
normal color vision.

Because people vary in their perceptions of the 
luminance of different colors, we first measured 
our subjects’ responses to red, green, yellow and 
blue. Then we showed each subject side-by-side 
fields of red and green or yellow and blue, with 
the colors customized to appear either equilumi-
nant or strongly nonequiluminant. co
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[The AuThors]

Vincent A. Billock and Brian h. 
Tsou are biophysicists who bring 
the perspective of complexity 
theory to problems in human  
color and spatial vision. They 
conduct research together at 
Wright-Patterson Air Force Base  
in ohio. Billock is a lead scientist 
for General Dynamics in Dayton, 
ohio. Tsou is a principal scientist  
at the u.s. Air Force research 
Laboratory. Tsou never sees red-
dish green—he is red-green color-
blind, a condition that motivated 
him to study color vision.

[CoLor exPerimenT]

Seeing hueS old And new

 Blending various amounts of yellow or blue with red or green 
(a) produces all the hues we see (b). This illustration is modeled 
after one by Ewald Hering, who proposed the theory in 1897. 

●A  ●B  

hoW CoLor oPPonenCy Works
Human color vision seems to be based on two pairs of colors 
known as opponent colors: yellow and blue; red and green. 
Perception of one member of a pair (say, yellow) somewhere 
in the visual field usually precludes perception of the  
opponent color (blue) at that spot at the same time. Hence,  
although people routinely see colors that combine other 
colors—such as purple appearing to mix red and blue—we 
usually cannot see yellowish blue or reddish green. Our visual 
system seems to use two channels for color information (right): 
a yellow-minus-blue channel, which can signal yellowness  
or blueness but not both, and a red-minus-green channel.

The authors showed that the cognitive phenomenon of color opponency (below) can be suspended to allow perception of colors not normally seen (opposite page). 

red-green channel yellow-blue channel

Wavelength (nanometers)

red-green channel yellow-blue channelPositive 
response 
(red and  
yellow)

no response

negative 
response
(blue and 
green)

Visible 
spectrum

400               450                 500                550                 600             650              700

  How the visual system’s two color channels respond to light explains the spectrum’s appearance—
why violet light looks reddish blue, for instance, and why yellow light does not look reddish green.

Visible color below is 
a result of combined 
channel responses  
(in this case, violet)

Red and green 
cancel each other 
out, leaving pure 
yellow perceived, 
not reddish green

© 2010 Scientific American
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The combination of equiluminance and image 
stabilization was remarkably effective. For the 
equiluminant images, six out of our seven ob-
servers saw forbidden colors (the seventh observ-
er’s vision grayed out immediately every time). 
The border between the two colors would van-
ish, and the colors would flow across the border 
and mix. Sometimes the result looked like a gra-
dient that ran from, say, red on the left to green 
on the right, with every possible shade of green-
ish red and reddish green in between. Other 
times we saw red and green fields in the same 
place but at different depths, as if seeing one hue 
through the other without any discoloration of 
either of them. Often we saw a nice, uniform red-
dish green or bluish yellow fill the whole field.

Intriguingly, two subjects reported that, after 
the exercise, they could see reddish green and 
bluish yellow in their imaginations, although this 
ability did not persist. We can thus answer the 
question philosopher David Hume posed in 
1739: Is it possible to perceive a new color? It 
is—but the striking new colors that we saw 
were compounds of familiar colors.

Our observations led us to de-
velop a model of how color op-
ponency could arise in the brain 

without relying on hardwired subtraction. In our 
model, populations of neurons compete for the 
right to fire, just as two animal species compete 
for the same ecological niche—but with the los-
ing neurons going silent, not extinct. A computer 
simulation of this competition reproduces classi-
cal color opponency well—at each wavelength, 
the “red” or “green” neurons may win, but not 
both (and similarly for yellow and blue). Yet if the 
competition is turned off by, say, inhibiting con-
nections between the neural populations, the pre-
viously warring hues can coexist.

Tiger Stripes on the Brain
In our experiment, when the red-green or yellow-
blue fields differed significantly in luminance we 
and our other subjects did not see forbidden col-
ors. Instead we saw textures, such as green glit-
ter on a red field or blue streaks on a yellow field, 
just as Crane and Piantanida reported for some 
of their subjects. They may have used colored 
images that were equiluminant for some subjects 
but markedly nonequiluminant for others.

These illusory speckled and striped patterns 
that we saw were intriguing. The study of these 
kinds of patterns in other contexts has a rich his-
tory. Such patterns arise in certain mixtures of 

Luminance
To see forbidden hues, it helps if 
you perceive the two displayed 
color fields to have equal lumi-
nance, which is similar to bright-
ness. Two colors are equiluminant 
when swapping them very rapidly 
gives you the least sense of 
flickering. Depicting luminance  
on the printed page is difficult 
because people differ in their 
luminance perceptions, and 
printing introduces changes in  
the saturation of colors, along 
with the changes in brightness. 
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hoW To see ForBiDDen CoLors
The authors found unusual conditions that reliably overcame the prohi-
bition against perceiving yellowish blue and reddish green. This result 
implies that color opponency in the brain is not as hardwired as is com-
monly thought. Apparently the opponency mechanism can be disabled. 

Seeing hueS old And new

  in forbidden color experiments an eye tracker monitors subjects’ eye move-
ments to keep the presented color stimuli in a fixed position on the retina.

LuminAnCe

r > G r = G r < G

  When subjects stared at side-by-
side fields of opponent colors 
(here, blue and yellow) and the 
image was motionless on their 
retinas, the boundary between the 
fields seemed to vanish, allowing 
the colors to run together (a). When 
one field was distinctly brighter 
than the other, the mixtures formed 
textures and patterns, such as blue 

dots on a yellow background. 
But for hues of matched 

luminance, most subjects 
saw novel colors (yellow -
ish blues) that are usually 
impossible to perceive—
or to depict accurately (b).

●A  ●B  
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[GeomeTry exPerimenT]

Controlled hallucinations
if you have ridden with your eyes closed in a car driven along a tree-lined 

street, you may have experienced “flicker,” a rapid oscillation of light 
and dark. Flicker in a blank visual field (such as the backs of your eyelids) 
often induces fleeting hallucinations of geometric patterns, including 
concentric circles, spirals and fan shapes like spokes of a wheel. Study of 
brain processes uncovered by these illusions would be aided if researchers 
could stabilize the hallucinations and control which pattern a subject sees.

reacting chemicals in which the chemicals diffuse 
asymmetrically or at different rates. English 
mathematician and computing pioneer Alan Tur-
ing introduced these reaction-diffusion systems 
as mathematical systems worthy of investigation, 
which can model the patterns seen in zebra coats, 
leopard skins and a variety of other biological 
phenomena—and in particular, hallucinations.

Visual hallucinations involving geometric 
patterns are generated by many triggers: drugs, 
migraines, epileptic seizures and—our favorite—

a visual stimulus called empty-field flicker. David 
Brewster (inventor of the kaleidoscope) investi-
gated flicker-induced hallucinations in the 1830s, 
reportedly experiencing them by dashing past a 
high sunlit fence with his eyes closed, which pro-
duced rapid flashes of light and dark (“flicker”) 
on the empty canvas of the backs of his eyelids. 
Today it is easier—and safer—to replicate the ef-
fect by closing your eyes while a passenger in a 
car driven along a tree-lined street or, better yet, 
by looking at a flickering computer monitor.

Common geometric hallucinations produced 
by flicker include fan shapes, concentric circles, 
spirals, webs and honeycombs. In 1979 Jack D. 
Cowan of the University of Chicago and his 
Ph.D. student G. Bard Ermentrout (now at the 
University of Pittsburgh) noticed that all these 
images corresponded to excitation of striped pat-
terns of neurons in the primary visual cortex, a 
region of the brain at the back of the head in-
volved in visual processing. For example, when a 
person looks at an actual image of concentric cir-
cles, vertical stripes of neurons in the primary vi-
sual cortex are activated. A fan-shaped pattern, 
such as spokes of a wheel, excites horizontal rows 
of neurons. Spirals excite slanted stripes.

Thus, Ermentrout and Cowan could account 
for many of the reported geometric hallucina-
tions if the visual cortex could spontaneously 
generate striped patterns of neural activity in re-
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  Clues to the neural basis of flicker 
illusions are provided by the brain’s 
response to real examples of the 
patterns. Many of the patterns 
trigger activity along stripes of 
neurons in the primary visual cortex 
(right). When a person looks at a real 
fan shape, horizontal stripes activate 
(below, a). Concentric circles excite 
vertical stripes (c), and spirals excite 
slanted stripes (b, d). Geometric 
hallucinations presumably arise 
when flicker stimulates the primary 
visual cortex and the excitations 
self-organize into patterns of stripes. 

Primary visual 
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  To control people’s flick-
er hallucinations, the 
authors showed subjects 
small patterns (black) 
and flickered the light in 
the surrounding blank 
area (top). Sub jects saw 
hallucinations (gray) of 
circles around real fan 
shapes and ro t ating fan 
shapes around real 
circles. Similar effects 
occurred with a flick-
ered blank area inside 
real patterns (bottom). 
These effects are analo-
gous to a red re gion 
making an adjacent 
gray area seem tinted 
green (red’s opponent 
color)—the circles and 
fan shapes act like “op-
ponent” patterns. 
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when the physical pattern surrounded a flicker-
ing empty center. In all cases, the hallucination 
was confined to the flickering area—it extended 
through the physical pattern only if we made the 
physical pattern flicker on and off in synchrony 
with the light in the empty area.

In retrospect this outcome should not have 
been surprising. Fifty years ago Donald M. Mac-
Kay of King’s College London showed that when 
fan shapes are viewed in flickering light, a faint 
pattern of concentric rings can be seen overlay-
ing the fan, and vice versa. MacKay’s result can 
be interpreted as arising from a kind of opponen-
cy. To understand this point, consider what hap-
pens if you see a bright flash of red light: you see 
a green afterimage, green being the opponent col-
or to red. If the visual system processes fan shapes 
and concentric circles as opponent geometric 
shapes, then the faint patterns seen in MacKay’s 
illusion can be geometric afterimages present 
during the dark moments between the flashes.

Our new illusion also has a color analogue: a 
red field can make an adjacent gray field look 
greenish. Under the correct dynamic condi-
tions—our flickering setup—a geometric pattern 
induces the opponent geometric pattern in the 
empty field next to it. Stated another way, Mac-
Kay’s illusion involves geometric opponency sep-
arated in time (that is, the fans and circles are 
present at separate moments), whereas our effect 
is geometric opponency separated in space (the 
fans and circles being in adjacent regions).

Although it may be natural to regard forbid-
den colors and biased geometric hallucinations 
as parlor tricks, they illustrate important points 
about vision and the nature of perceptual op-
ponencies. Forbidden colors reveal that color op-
ponency—which has served as the model for all 
perceptual opponencies—is not as rigid and hard-
wired as psychologists thought. Softwired mech-
anisms such as our competition model may be 
needed to understand fully how the brain han-
dles opponent colors.

Experiments that stabilize geometric halluci-
nations reveal that for all their exotic appear-
ance, these hallucinations behave surprisingly 
like familiar visual effects involving colors. The 
neural nature of geometric opponencies is also 
very interesting. The opponent patterns involve 
perpendicular stripes of excited neurons in the vi-
sual cortex—could this feature be a clue to how 
the neural wiring produces the opponency? To 
answer this and other questions, researchers will 
have to come up with new ways to push the visual 
system to its breaking point and beyond.  ■

sponse to flicker. In 2001 Cowan and other co-
workers extended the model to account for many 
more complicated patterns. These findings, how-
ever, do not offer a recipe for how to induce any 
particular hallucination for detailed study. In-
deed, the patterns induced by flicker are both un-
predictable and unstable, probably because each 
flash disturbs the previously elicited hallucina-
tion. Having a technique to evoke a specific sta-
ble hallucination for extended observation would 
be very helpful. Visual hallucinations and Tur-
ing’s mathematics of pattern formation might 
then provide a window into the dynamics of the 
human visual system.

To try to stabilize the flicker-induced patterns, 
the two of us took inspiration from other spon-
taneous pattern-forming systems that can be 
made predictable by introducing a suitable bias. 
For instance, picture a shallow pan of oil, heated 
from below and cooled from above. If the tem-
perature difference is great enough, the rising hot 
oil and falling cool oil self-organize into a pattern 
of horizontal cylinders, which from above look 
like stripes. Each cylinder rotates on its axis—flu-
id rising on one side and falling on the other. The 
pattern is stable if adjacent cylinders rotate in op-
posite directions, like cogwheels.

Ordinarily the orientation of the cylinders 
(the direction of the “stripes”) is determined by 
chance while the pattern is forming, but if you in-
ject an upwelling of fluid along a particular ori-
entation, then the pattern of cylinders evolves to 
line up with it. Fortuitously misled by this anal-
ogy, we decided to see if presenting a pattern next 
to a flickering blank area would stabilize the hal-
lucination seen by people. In experiments we dis-
played small circular and fan-shaped designs at 
a constant illumination with rapidly flashing 
light in the blank area around them. The physi-
cal patterns would excite stripes of a specific ori-
entation in a person’s visual cortex, and we ex-
pected the excitations induced by the flickering 
area would extend the pattern by adding parallel 
stripes. Thus, we thought our subjects would see 
the circular patterns and the fan shapes extended 
into the surrounding flickering area.

Circles and Fans
Much to our surprise, our subjects saw the oppo-
site effect. The small physical circles were always 
surrounded by illusory fan shapes, which rotated 
at about one revolution per second. Conversely, 
flickering around small physical fan shapes 
evoked hallucinations of circular patterns, which 
occasionally pulsated. Similar results occurred 
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can you see iT?

Binocular vision may provide a 
way to see forbidden colors. Try 
staring intently at these pairs of 
rectangles, allowing your eyes to 
go cross-eyed so that the red and 
green areas overlap (in the lower 
case, make the crosses merge). 
The fused colors compete in a 
patchy, unstable fashion. some 
people get glimpses of forbidden 
reddish green as the patches 
change color, but the method is 
much less reliable than using 
equiluminant stabilized images.
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On a routine expedition in 1987, ocean-
ographers in the submersible Alvin 
were mapping the typically barren, nu-

trient-poor seafloor in the Santa Catalina Basin, 
off the shore of southern California. On the final 
dive of the trip, the scanning sonar detected a 
large object on the seafloor. Piercing through the 
abyssal darkness down at 1,240 meters, Alvin’s 
headlights revealed a 20-meter-long whale skel-
eton partly buried in sediment. On reviewing the 
dive video tapes, expedition leader Craig Smith 
and his team saw that the skeleton was probably 
either a blue or a fin whale. The creature ap-
peared to have been dead for years, but the bones 
and their surroundings teemed with life—wrig-
gling worms, centimeter-size clams, little snails 
and limpets, and patches of white microbial 
mats. The skeleton was a thriving oasis in a vast, 
desertlike expanse.

Almost a year later Smith, an oceanographer 
at the University of Hawaii at Manoa, returned 
for a proper study of the skeleton site. His team 
described several species previously unknown to 
science, plus some that had been observed only 
in unusual environments, such as at deep-sea hy-
drothermal vents. 

Since then, investigators have documented 
dozens of communities that are supported by 
sunken whale carcasses and have described more 
than 400 species that are living in and around 
them, of which at least 30 have not been seen 
anywhere else. The research has begun to sketch 
out a picture of how these surprising whale-fall 

communities work and how they have evolved. 
The first hint that dead whales could host spe-

cialized animal communities came as early as 
1854, when a zoologist described a new species 
of centimeter-size mussel extracted from bur-
rows in floating whale blubber collected off the 
Cape of Good Hope in South Africa. When in-
dustrial deep-sea trawling began in the 20th cen-
tury, researchers learned that such dependence 
on dead whales was not a freak occurrence. 
From the 1960s onward an increasing number 
of whale skulls and other bones with attached 
specimens of new mollusk species were recov-
ered from nets around Scotland, Ireland, Iceland 
and particularly the Chatham Rise to the east of 
New Zealand. One bone specimen trawled off 
the South African coast in 1964 was covered 
with the same small mussel first seen in 1854 in 
roughly the same area. 

Mussels were not the only new animals found 
in recovered whale bones: a tiny, previously un-
known species of limpet—limpets are snail-like 
mollusks with conical rather than spiral shells—

was described in 1985, soon followed by others. 
The limpets were named Osteopelta because of 
their association with bones. 

But not until Smith’s fortuitous discovery in 
1987 did the full extent of the ecological novelty 
of sunken dead whales become clear. The mol-
lusk species his team found were especially inter-
esting. The clams and mussels belonged to groups 
known to harbor chemosynthetic bacteria. Such 
bacteria can draw energy from inorganic chemi-

On the deep seafloor, the carcasses of the largest mammals give  life to unique ecosystems ● By Crispin T. S. Little

The Prolific Afterlife  of 

life science

Key ConCepts
A single dead whale   ■

can nourish a specialized 
ecosystem that lasts 
for decades.

Some signs suggest that  ■

whale-fall ecosystems 
have exchanges with  
other deep-seafloor com-
munities, such as hydro-
thermal vents.

Species similar to those   ■

at whale falls may have 
depended on dead marine 
reptiles for hundreds of 
millions of years.

—The Editors
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cals, and they sometimes form the basis of entire 
ecosystems. (The earliest organisms, before life 
“invented” photosynthesis and introduced oxy-
gen into the biosphere, were chemosynthetic, al-
though they had a different metabolism from 
that of modern chemosynthetic organisms.) 
Most of the mollusks were known only from  
other chemosynthesis-based sites: the mussels 
from sunken wood and hydrothermal vents; vesi-
comyid clams from vents and cold seeps, where 
fluids rich in methane and other hydrocarbons 
leak onto the seafloor; lucinid clams from 
seeps and anoxic sediments (seafloor sedi-
ments lacking oxygen); and a snail from an-
oxic sediments. 

The similarities led Smith and his  
co-workers to suggest in 1989 that 
whale skeletons might act as “step-
ping-stones” for deep-sea animals to 
spread from one chemosynthetic 
community to another. Whether 
creatures can move between com-
munities from one generation to 
the next or whether species spread 
on much longer timescales is a 
question that is still open to this day. 

The Making of  
an Ecosystem 
To understand the workings and duration 
of whale-fall communities, Smith and his 
colleagues set up a logistically tricky—

and somewhat smelly—project in 1992. 

On the deep seafloor, the carcasses of the largest mammals give  life to unique ecosystems ● By Crispin T. S. Little

The Prolific Afterlife  of Whales
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They began to take whales that had washed up 
on the Californian coast and tow them out sea 
and then sink them in deep waters with up to 
2,700 kilograms of steel ballast to counteract 
the buoyancy of decomposition gases. (Most 
whales are negatively buoyant when they die and 
thus sink rather than get beached.) Next they 
visited the sunken carcasses at regular intervals 
using Alvin or remotely operated vehicles 
(ROVs). The researchers sank three gray whales 
over a period of six years and visited these regu-
larly up until 2000. They also revisited the orig-
inal skeleton found in 1987 and another discov-
ered in 1995.

Whale falls, they observed, go through three 
partially overlapping ecological stages. The first, 
which they called the mobile scavenger stage, 
starts when the whale carcass arrives on the 
seafloor. Hordes of hagfish tunnel through the 
meat, while a few sleeper sharks take larger bites. 
These scavengers strip away the bulk of the whale 
soft tissue—blubber, muscle and internal or-
gans—and together consume 40 to 60 kilograms 

a day (the weight of a small person). Even so, the 
feast can last up to two years, depending on the 
size of the whale.

The second stage, called the enrichment op-
portunist stage, lasts up to two years. During 
this period high-density, though low-diversity, 
communities of animals colonize the sediments 
surrounding the whale carcasses and the newly 
exposed bones. The animals feed directly on the 
large amounts of blubber and other scraps of nu-
tritious soft tissue left over by the scavengers. 
This stage is dominated by polychaetes (bristle 
worms) and crustaceans. 

Finally, once the soft tissue is gone, the whale 
falls enter the third, and longest, phase, known 
as the sulfophilic stage. Specialized bacteria an-
aerobically break down lipids contained in the 
bones. Unlike aerobic bacteria, which would use 
the molecular oxygen (O2) dissolved in seawater 
to digest nutrients, these microorganisms use 
dissolved sulfate (SO4) as their source of oxygen 
and release hydrogen sulfide (H2S) as waste. An-
imals cannot use this gas directly as a source of 

[The AuThor]

Crispin T. S. Little is a senior 
lecturer in paleontology at the 
university of Leeds in england.  
he has been working for the past 
14 years on the macroevolutionary 
history of animal communities 
found at hydrothermal vents, 
hydrocarbon seeps and whale falls. 
on a recent oceanographic cruise he 
achieved a long-standing personal 
goal of diving in the Alvin submers-
ible to active vents 2.5 kilometers 
deep on the Pacific seafloor. 

A dead whale that sinks to 
the seafloor brings a sudden 
bonanza of food to the dark, 
desertlike expanse. The 
community of organisms 
that springs up undergoes 
three ecological stages. 
each stage is characterized 
by different species and 
different food webs— 

although at many such 
sites, the stages 

can overlap. 

sCAvenger stAge 
hagfish—primordial relatives of vertebrates  
that are virtually blind and live on the muddy 
seafloor—eat much of the blubber and muscle 
tissue, helped by other scavengers, including 
sleeper sharks and some crabs.

DurATion: uP To 2 yeArS

opportunist stAge 
Animals feed on leftover scraps of 
meat and blubber and on whale oil 
that has soaked the surrounding 
sediment. This second wave of 
scavengers includes snails, bristle 
worms and hooded shrimp. Mean-
while “zombie worms” [see illus-
tration on page 84] begin to spread 
their roots into the bones and feed 
on their lipid content.

DurATion: uP To 2 yeArS 

[STAgeS of A whALe-fALL CoMMuniTy]

A gift thAt Keeps on giving 
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tive, perhaps as many as six times more.) The av-
erage distance from one whale to the next would 
then be just 12 kilometers; along the migration 
route of gray whales, the average distance may be 
as short as five kilometers. Such spacing may be 
close enough for larvae to disperse from one site 
to another, which the team saw as further sup-
port for their stepping-stone model for the dis-
persal of chemosynthetic organisms between 
whale falls, hydrothermal vents and cold seeps. 

Night Creatures Calling
Ever since Smith and his colleagues set up their 
whale-fall experiment, sinking large dead whales 
has proved quite popular; three other groups, 
based in Sweden, Japan and Monterey, Calif., 
have been conducting similar experiments. Oth-
er whale skeletons have been found by chance in 
various deep-water sites, for example, at the Tor-
ishima Seamount south of Japan and in Monterey 
Bay. The newer studies have confirmed that a 
consistent group of organisms depends on whale 
falls throughout the world’s oceans. But the stag-

energy, and in fact the gas is typically poisonous 
to them. But certain chemosynthetic bacteria 
can. They take O2 from the seawater to oxidize 
the sulfide, generating energy for growth. Ani-
mals can then either exploit such bacteria sym-
biotically (as do mussels and vesicomyid and lu-
cinid clams) or feed on them by grazing bacterial 
mats (as do limpets and snails). For reasons that 
are not yet well understood, whale bones are ex-
tremely rich in lipids—a 40-ton whale carcass 
may contain 2,000 to 3,000 kilograms—and 
their decomposition is a slow process. As a con-
sequence, for a large whale the sulfophilic stage 
can last up to 50 years, even perhaps a century.

Using these data—together with their esti-
mate that around 69,000 great whales die every 
year—Smith and his co-workers guessed that 
there might be 690,000 skeletons of the nine 
largest whale species rotting in the world’s oceans 
at any one time. (Of course, before industrial 
whaling caused a dramatic crash in large-whale 
populations during the past two centuries, con-
siderably more whale falls would have been ac-

sulfophiliC stAge 
Anaerobic bacteria produce hydrogen sulfide, which 
other, “sulfophilic,” bacteria use for energy. The sulfo-
philic bacteria, in turn, support all other organisms (inset 
at bottom). Mussels, tube worms and clams derive energy 
from sulfophilic bacteria that live symbiotically 
within them. Bristle worms and limpets feed 
on mats of such microbes. Crustaceans such 
as squat lobsters prey on other animals.

DurATion: uP To 50 yeArS

A gift thAt Keeps on giving 

Life-giVing BugS 
Anaerobic bacteria  
in the bones (in green 
area of detail below) 
extract oxygen from 
seawater sulfate (So4) 
(1) and use it to slowly 
digest the bones’ lipids. 
hydrogen sulfide (h2S) 
is released as waste (2). 
Sulfophilic bacteria, in 
mats (orange) and 
elsewhere, then gain 
energy by using oxygen 
from seawater to 
oxidize the h2S (3). 
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es seen in the Santa Catalina skeletons are not as 
apparent elsewhere.

One reason for the discrepancy may be that 
the experimental sites selected by the Smith team 
are relatively oxygen-poor, leading to reduced 
decomposition rates. Another reason might be 
the activities of the extraordinary worm Osedax 
(Latin for “bone devourer”), also known as the 
zombie worm. This small animal—one centime-
ter or less in length—was first described in 2004 
from a Monterey Bay whale and later found at 
the experimental sites in Sweden and Japan. Still 
later, researchers found the worm at the southern 
Californian whale falls as well—where at first it 
had been overlooked—but in smaller numbers.

Osedax has little appendages that stick out 
into the water column for gas exchange but can 
be retracted into a mucous tube if disturbed. The 
animal then looks like a blob of mucus adhering 
to the bone surface. Just like certain intestinal 
parasites, Osedax has no digestive tract at all as 
an adult—no mouth, stomach or anus. But 
uniquely, it uses green, fleshy “roots” to tunnel 
into exposed whale bones, presumably to obtain 
lipids or proteins, or both, for symbiotic bacte-
ria contained within its roots. (The worm’s re-
productive strategy is also unusual. All adults 
are female, but each carries in its body dozens of 
tiny males that never pass the larval stage—and 
whose only role, it seems, is to produce sperm.)

Osedax is closely related to the giant tube 
worms that live at many vent and seep commu-
nities. Genetic evidence suggests that it is around 
40 million years old, about the same age as vesi-
comyid clams and whales.

The tunneling activity of Osedax rapidly de-
stroys the exposed whale bones, which likely 
speeds up the sulfophilic stage for an infested 

skeleton, thus affecting its entire habitat. The 
finding could mean that many whale falls are ac-
tive on the seafloor for less time than was origi-
nally thought. This time reduction poses a chal-
lenge to the stepping-stone hypothesis, because 
fewer active whale falls should make it more dif-
ficult for animals (or their larvae) to get from one 
chemosynthetic site to another. 

Bones of Contention
Whereas vents and cold seeps have been around 
since the early earth—and vents in particular 
may be where life got started in the first place—

the appearance of whales is, of course, relatively 
recent. A natural question is when and how have 
eco systems evolved that seem to depend on whale 
carcasses for their existence, which in turn should 
help clarify their connection to other deep-sea 
communities. The obvious place to look is in the 
fossil record.

Although many fossil whales have been found 
over the past 150 years, it was only in 1992 that 
the first ancient whale-fall communities were 
recognized, in Washington State rocks from the 
Oligocene (34 million to 23 million years ago). 
Intense interest in these bizarre communities has 
since turned up more examples. Among them 
are some fossils from the Miocene (23 million to 
five million years ago) found in California and 
in three sites in Japan—including two that I have 
worked on with my colleague Kazutaka Amano 
of the Joetsu University of Education. All these 
ancient whale-fall communities are recognized 
as such by the presence of mollusk fossils belong-
ing to groups that host chemosynthetic bacteria 
or graze on microbial mats at chemosynthetic 
sites. As might be expected, the fossil record of 
whale-fall assemblages contains no remains of 

Fossil 
relatives
Various fossil whales show 
signs of having sustained 
communities similar to those 
of modern whale falls—in-
cluding many of the inverte-
brates that depend on 
symbiotic sulfide-oxidizing 
bacteria. one specimen from 
Middle Miocene (about 12 
million years ago) rocks on 
hokkaido island, Japan, was 
surrounded by several shells 
of mollusks, including snails 
of the genus Provanna 
(spiral shells below, both 
about half a centimeter tall), 
a vesicomyid clam (Adulo-
mya chitanii, 4 cm) and a 
mussel (Adipicola, 2 cm). 
These fossils help research-
ers understand the origin of 
whale-fall communities.

Lying 2,891 MeTerS DeeP in Monterey Bay, Calif., this 10-meter-long gray whale provides nourishment for a thriving community, including 
scavenging sea cucumbers (Scotoplanes globosa, crawling on foreground) and bone-eating worms (Osedax rubiplumus, on bones).  
The three shots that make up this montage were taken in 2002; some of the bones seen here have since completely decomposed.
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ADVERTISEMENT

Scientists have made significant contributions to 
the safety and well-being of the human race. They 
have identified laws of nature that explain the 
functioning of the universe, Earth’s flora and fauna, 
and especially of the physical activities of Homo 
sapiens. But “why” planet Earth and its occupants 
exist is still an admitted mystery to them. What 
follows explains an important part of that mystery.

For millennia great developmental progress has 
taken mankind from a simple desire to survive to our 
present complex systems of social laws and inherited 
customs. Most readers would agree that despite those 
man-made systems, human affairs are still in a state of 
confusion with problems and trouble growing daily.

We have races pitted against one another, political 
groups pitted against one another, as well as individuals 
who pit themselves against one another in their careers, 
marriages, and sports to name a few obvious areas.

An appropriate question is, Why? Our answer fol-
lows: From the beginning people have been living 
by their own laws of behavior and inherited customs, 
but those man-made systems contradict a natural law, 
causing people to get wrong, troublesome results.

That natural law was identified by Richard W. 
Wetherill almost a century ago and was presented in 
his book, Tower of Babel, published January 2, 1952. 
It is a law of behavior that Wetherill called the law of 
absolute right, indicating that rightness in all human 
activities is required for successful outcomes.

As a result of Wetherill’s identification of the law, 
he developed a program called humanetics to ex-
plain the wrongness of people’s attitudes and behav-
ior and how to correct them. Wrongness has not only 
been destroying people’s lives but also increasingly 
is damaging the environment that supports the life 
of the planet.

When scientists identify natural laws, they apply 
their principles to better human existence and well-
being—that is, usually, until the nuclear age developed. 
Scientists could now investigate nature’s behavioral law 
and help to inform people of its principles. Wetherill 
used words to describe right behavior such as rational, 
honest, logical, and moral but cautioned that words 

are just symbols. The law is the final arbiter: Right 
begets right results; wrong begets wrong results.

What are society’s results? Are people rational and 
honest? Or do they act on their own motives to do, be, 
have, get, and become whatever they desire?

People know they must obey nature’s laws of grav-
ity, friction, and all the other laws of physics, but for 
nearly a century scientists, religionists, educators, and 
the public have resisted acknowledging creation’s law 
of rightness. Is that sane?

Albert Einstein defined insanity as doing the same 
thing over and over again and expecting a different 
result. For millennia people have reasoned from man-
made laws and inherited customs over and over again, 
expecting a different result. Instead, over and over 
again, humanity has been getting incalculable wrong 
results. Is that sane?

This essay/ad provides a brief description of the 
behavior that natural law requires of us. Are we going 
to comply and get out of the muddled mess of human 
affairs being caused by acting on man-made laws?

Visit our colorful Website www.alphapub.com 
where essays and books describe the changes called 
for by whoever or whatever created nature’s law of 
absolute right. The material can be read and down-
loaded free. As people worldwide visit our Website, 
they can join those who are already benefiting from 
adhering to the behavioral law with rational and 
honest thoughts, words, and action.

That is creation’s way to change what is wrong 
until everything is made right: perfectly behaving 
people on the one planet in this universe that sup-
ports life as we know it! 

This public-service message is from a self-financed, nonprofit 
group of former students of the late Richard W. Wetherill.

Richard W. Wetherill
1906-1989
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nosaurs. That is more than 20 million years be-
fore whales evolved, suggesting that there may 
have been a repeated evolution of specialized 
communities of animals dependent on large ver-
tebrate carcasses sinking to the seafloor. 

The Japanese and Polish group showed con-
vincingly that the plesiosaur bones looked inter-
nally very like modern whale bones, with lots of 
marrow space that would have contained lipids 
in life. Whether the bones were in fact rich in lip-
ids will not be easy to determine, however. On 
the other hand, it seems that many groups of an-
imals present in whale-fall sulfophilic communi-
ties were already present in seep, wood-fall and 
probably vent communities and that they avidly 
exploited the newly evolved chemosynthetic hab-
itat when whales evolved.

The fossil record of whale falls remains rather 
scant, with data coming almost exclusively from 
Japan and the Western coast of the U.S. Fossil ev-
idence of Osedax could be especially helpful, giv-
en the organism’s unique ability to shape the mod-
ern communities. Although the lack of a skeleton 
makes it unlikely that direct evidence of the worm 
will be found, the borings it makes in whale 
bones may be recorded in fossils, and many inves-
tigative groups are actively searching for them. 

The global distribution of modern whale-fall 
communities is also still poorly characterized. So 
far only a few whale carcasses have been found, 
and we know nothing about several areas that 
have large whale populations, such as Antarctica 
and the Southern Ocean. More finds, both active 
and fossil, will be necessary to reveal whether the 
ecology and evolutionary history of whale falls 
are truly linked to those of reptile falls and how 
both types of ecosystems relate to the other deep-
sea chemosynthetic communities.  ■

soft-bodied animals such as worms, because soft 
body parts decay readily. So no one knows yet 
whether worms such as Osedax lived there.

In 2006 Steffen Kiel, then at the University of 
Leeds in England, and Jim Goedert of Seattle’s 
Burke Museum of Natural History and Culture 
pointed out that the earliest whale-fall commu-
nities from the late Eocene and the Oligocene 
were dominated by clams that also occur in 
nonchemosynthetic habitats; the chemosynthet-
ic mollusks that characterize modern whale falls 
in the sulfophilic stage do not show up until the 
Miocene fossils. The researchers concluded that 
the early whales were not yet large enough to 
host sulfophilic communities. Recently, howev-
er, a small Miocene whale skeleton was found in 
cliffs on a Californian island that had associated 
vesicomyid clams. This discovery suggests that 
it is not so much a whale’s size that matters to the 
chemosynthetic mollusks. Instead the relative 
lipid content in whale bones probably increased 
over the past 20 million years or so, perhaps be-
cause it enhanced survival as whales moved into 
open-ocean environments.

In fact, ever since the discovery of whale-fall 
communities, researchers have suspected that 
similar communities may have existed even ear-
lier than the first whales, in the sunken carcasses 
of ancient marine reptiles, among them plesio-
saurs, ichthyosaurs and mosasaurs. These rep-
tiles were among the dominant predators of the 
Mesozoic oceans. (The Mesozoic, the geologic 
era that stretches from 251 million to 65 million 
years ago, comprises the Triassic, the Jurassic 
and the Cretaceous and thus the entire time when 
the dinosaurs ruled on land.) This idea received 
a strong boost in 1994 with the description of a 
single fossil specimen of the limpet Osteopelta 
from a turtle bone in Eocene sediments from 
New Zealand. Although the Eocene is more re-
cent than the Mesozoic, the discovery demon-
strated that whale-fall limpets were also able to 
live on reptile bones and thus perhaps on the ex-
tinct Mesozoic marine reptiles as well.

Then, in 2008, a research group from Japan 
and Poland reported the discovery of bones of 
two plesiosaur skeletons originally around 10 
meters long with associated provannid snail 
specimens from upper Cretaceous rocks in Ja-
pan. Because provannids are only known from 
chemosynthetic sites, the scientists suggested 
that the sunken plesiosaurs were able to support 
a community comparable to the sulfophilic stage 
of modern whale falls. But these reptiles went 
extinct 65 million years ago along with the di- Co
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ZoMBie worMS, also known  
as Osedax (Latin for “bone de-
vourer”), grow “roots” in dead 
whale bones, which they slow-
ly consume. The worms seem 
to live exclusively at whale 
falls. This Osedax frankpressi 
has been removed from a 
whale bone to show its root 
system (green) and ovaries 
(white); typically only the one-
centimeter-long body (pink) 
and its plumes would be visi-
ble. At least five different spe-
cies of Osedax have been dis-
covered so far.
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SUPER
 

COUPON
!

We Will Beat Any Competitor’s Price Within 1 Year Of Purchase! 
TO FIND THE STORE NEAREST YOU CHECK:

1-800-657-8001
 or HarborFreightusa.com/sciamerican

330 STORES NATIONWIDE

SUPER
 

COUPON
!

SUPER
 

COUPON
!

SUPER
 

COUPON
!

SUPER
 

COUPON
!

SUPER
 

COUPON
!

SUPER
 

COUPON
!

Coupons valid in Retail Store Only. Coupon not valid on prior purchases.  Coupon cannot be bought, 
sold, or transferred. This coupon cannot be duplicated in any manner including photocopies 
and computer printouts. Original coupon must be presented in order to receive the discount.

Coupons valid in Retail Store Only. Coupon not valid on prior purchases.  Coupon cannot be bought, 
sold, or transferred. This coupon cannot be duplicated in any manner including photocopies 
and computer printouts. Original coupon must be presented in order to receive the discount.

Coupons valid in Retail Store Only. Coupon not valid on prior purchases.  Coupon cannot be bought, 
sold, or transferred. This coupon cannot be duplicated in any manner including photocopies 
and computer printouts. Original coupon must be presented in order to receive the discount.

Coupons valid in Retail Store Only. Coupon not valid on prior purchases.  Coupon cannot be bought, 
sold, or transferred. This coupon cannot be duplicated in any manner including photocopies 
and computer printouts. Original coupon must be presented in order to receive the discount.

Coupons valid in Retail Store Only. Coupon not valid on prior purchases.  Coupon cannot be bought, 
sold, or transferred. This coupon cannot be duplicated in any manner including photocopies 
and computer printouts. Original coupon must be presented in order to receive the discount.

Coupons valid in Retail Store Only. Coupon not valid on prior purchases.  Coupon cannot be bought, 
sold, or transferred. This coupon cannot be duplicated in any manner including photocopies 
and computer printouts. Original coupon must be presented in order to receive the discount.

HARBOR FREIGHT TOOLS - LIMIT 1
These valuable coupons are only good when presented at 
your nearest Harbor Freight Tools store. Offer Ends 5/26/10.

HARBOR FREIGHT TOOLS - LIMIT 1
These valuable coupons are only good when presented at 

your nearest Harbor Freight Tools store. Offer Ends 5/26/10.

HARBOR FREIGHT TOOLS - LIMIT 1
These valuable coupons are only good when presented at 
your nearest Harbor Freight Tools store. Offer Ends 5/26/10.

HARBOR FREIGHT TOOLS - LIMIT 4
These valuable coupons are only good when presented at 

your nearest Harbor Freight Tools store. Offer Ends 5/26/10.

HARBOR FREIGHT TOOLS - LIMIT 1
These valuable coupons are only good when presented at 
your nearest Harbor Freight Tools store. Offer Ends 5/26/10.

HARBOR FREIGHT TOOLS - LIMIT 1
These valuable coupons are only good when presented at 
your nearest Harbor Freight Tools store. Offer Ends 5/26/10.

SUPER
 

COUPON
!

Coupons valid in Retail Store Only. Coupon not valid on prior purchases.  Coupon cannot be bought, 
sold, or transferred. This coupon cannot be duplicated in any manner including photocopies 
and computer printouts. Original coupon must be presented in order to receive the discount.

HARBOR FREIGHT TOOLS - LIMIT 1
These valuable coupons are only good when presented at 

your nearest Harbor Freight Tools store. Offer Ends 5/26/10.

Coupons valid in Retail Store Only. Coupon not valid on prior purchases.  Coupon cannot be bought, 
sold, or transferred. This coupon cannot be duplicated in any manner including photocopies 
and computer printouts. Original coupon must be presented in order to receive the discount.

HARBOR FREIGHT TOOLS - LIMIT 1
These valuable coupons are only good when presented at 

your nearest Harbor Freight Tools store. Offer Ends 5/26/10.

REG. PRICE $99 .99 
 $5999 

 $14999 

 3000 LB. CAPACITY 
LIGHTWEIGHT 

ALUMINUM 
RACING JACK 

LOT NO. 
 91039/67408 

SAVE 
$40

Item 
91039 
shown

SAVE 
46%  

REG. 
PRICE 

$74.99

 3 GALLON 100 PSI OILLESS

PANCAKE AIR 
COMPRESSOR 

 $3999 
LOT NO. 
 95275 

SAVE 
$140

REG. PRICE $289 .99 

 11 DRAWER
 ROLLER 
CABINET 

LOT NO.  67421 

INCLUDES:
6 Drawer • Top Chest
2 Drawer • 
Middle Section
3 Drawer • 
Roller Cabinet

SAVE 
56%  

LOT NO.  47077 /67425

 $699 
REG. PRICE $15 .99 

 3" HIGH SPEED 
AIR CUTTER 

Item 47077 
shown

SAVE 
71%  

REG. 
PRICE 
$6 .99 

 12" RATCHET 
BAR 

CLAMP/
SPREADER 

LOT NO.  46807 

 $199 

SAVE 
46%  

 $799 REG. 
PRICE 

$14 .99 

 6 PIECE 
PLIERS 

SET 
LOT NO. 

38082/46005

Item 38082 
shown

 RECIPROCATING SAW
 WITH ROTATING HANDLE

 $1999 
REG. PRICE $39 .99 

SAVE 
50%  

LOT NO.  65570 

SAVE 
41%  

 MULTIFUNCTION 
POWER TOOL 

 $3499 
REG. 

PRICE 
$59 .99 

LOT NO.  67256 

FACTORY DIRECT 
TO YOU!

How does Harbor Freight Tools sell high quality 
tools at such ridiculously low prices? We buy 
direct from the factories who also supply the 
major brands and sell direct to you. It’s just 
that simple!  Come see for yourself at one of 
our 330 STORES NATIONWIDE and use this 20% 
OFF Coupon on any of our 7,000 products, plus 
pick up a FREE 9 LED Aluminum Flashlight.
No Strings Attached, No Purchase Required!
We stock Automotive products, Shop Equipment, 
Hand Tools, Tarps, Compressors, Air & Power 
Tools, Material Handling, Woodworking Tools, 
Welders, Tool Boxes, Outdoor Equipment, 

Generators, and much more.
NOBODY BEATS OUR QUALITY, SERVICE AND PRICE!

√ We Have 10 Million Satisfi ed Customers
√ We Buy Factory Direct and Pass the SAVINGS on to YOU!
√ Shop & Compare Our Quality Brands Against Other National Brands
√ Thousands of People Switch to Harbor Freight Tools Every Day!
√ NO HASSLE RETURN POLICY
√ Family Owned & Operated LIFETIME WARRANTY

ON ALL HAND TOOLS!

OFFOFF
20%20%

ANY SINGLE ITEM!

See HarborFreightusa.com/sciamerican for additional SUPER COUPONS

ITEM 
65020

FREE!
3-1/2" SUPER BRIGHT
NINE LED ALUMINUM

FLASHLIGHT
Bring this coupon and Save 20% on one single item purchased at Harbor Freight Tools. Cannot be used with any other discount 
or coupon. One coupon per purchase. One coupon per customer. Coupon not valid on prior purchases or purchase of gift cards 
or purchase of extended service plans. Offer good on in-stock merchandise only. Savings discount percentage off Harbor Freight 
Tools current prices, including sale prices. This coupon cannot be duplicated in any manner including photocopies and computer 
printouts. Original coupon must be presented in order to receive the discount. All Campbell Hausfeld products are excluded from 
this offer. This offer is not valid on food or beverage items sold in our retail stores. Valid only in Retail Stores through 5/26/10.

SUPER
 

COUPON!

SUPER
 

COUPON!

Cannot be used with any other discount or coupon. One coupon per customer. Coupon not valid 
on prior purchases. Offer good while supplies last. This coupon cannot be duplicated in any 
manner including photocopies and computer printouts. Original coupon must be presented in 
order to receive the free gift. Valid only in Retail Stores through 5/26/10. Limit one per customer.

NO PURCHASE REQUIRED!

HARBOR FREIGHT TOOLS
Quality Tools at Ridiculously Low Prices

SUPER
 

COUPON!

NO PUR

hft_scientificamerican_0210.indd   1hft_scientificamerican_0210.indd   1 12/17/09   9:43:46 AM12/17/09   9:43:46 AM



86 SC IE NTIF IC AMERIC AN Februar y 2010

www.ScientificAmerican.com/asktheexperts
ask the experts ■ ■ ■ ■ ask the experts ■ ■ ■ ■ 

do you Have a question?  
 Please send it to us at experts@SciAm.com 

Science writer Katherine Harmon interviewed experts to hand 
over the answer: 

Fingerprints can indeed be removed, both intentionally and 
unintentionally. The May 2009 issue of the Annals of Oncol-
ogy reported (online) a striking example of the latter case: a 
62-year-old man from Singapore was detained while travel-
ing to the U.S. because a routine fingerprint scan showed that 
he actually had none. 

The man, identified only as Mr. S, had been taking the che-
motherapy drug capecitabine 
(brand name Xeloda) to keep 
head and neck cancer in check. 
The medication gave him a mod-
erate case of hand-foot syndrome 
(also called chemotherapy-in-
duced acral erythema), which can 
cause swelling, pain and peeling 
on the palms and soles of the 
feet—and, apparently, loss of fin-
gerprints. Mr. S, who was freed 
when officials decided he was not 
a security risk, says he had not 
noticed that his fingerprints had 
vanished before he set out on his 
trip. After the incident, Mr. S’s 
physician, who authored the pa-
per, found informal online men-
tions of other chemo patients 
complaining of lost fingerprints.

Edward P. Richards, director 
of the Program in Law, Science 
and Public Health at Louisiana 
State University, says that other 
diseases, rashes and the like can 
have the same effect. “Just a good 
case of poison ivy would do it.” But he observes that “left 
alone, your skin replaces at a fairly good rate, so unless you’ve 
done permanent damage to the tissue, it will regenerate.”

Kasey Wertheim, who is president of Complete Consul-
tants Worldwide and has done forensic and biometric work 
for the U.S. Department of Defense and Lockheed Martin, 
says that the people who most often lose their fingerprints 
seem to be bricklayers, who wear down print ridges handling 

rough, heavy materials, as well as “people who work with 
lime [calcium oxide], because it’s really basic and dissolves the 
layers of the skin.” Secretaries may also have their prints oblit-
erated, he adds, “because they deal with paper all day. The 
constant handling of paper tends to wear down the ridge 
detail.”

“Also,” Wertheim, notes, “the elasticity of skin decreases 
with age, so a lot of senior citizens have prints that are diffi-
cult to capture. The ridges get thicker; the height between the 

top of the ridge and the bottom of 
the furrow gets narrow, so there’s 
less prominence.” Burning—with 
heat or chemicals—can blot out 
fingerprints as well, but then the 
resulting scars can become a 
unique identifier.

Wertheim says that many cases 
of intentional fingerprint mutila-
tion have been documented. Usu-
ally in these instances, people 
damage the layer of skin that 
forms the “template” for the fin-
gerprint and the epidermis at the 
surface. 

The first case of documented 
fingerprint mutilation, he points 
out, was back in 1934, by Theo-
dore “Handsome Jack” Klutas, 
who was head of a gang known as 
the College Kidnappers. “When 
the police finally caught up with 
him, Klutas went for his gun, and 
the police returned fire, killing 
him,” Wertheim recounts. “When 
they compared his postmortem 

fingerprints, police found that each of his prints had been cut 
by a knife, resulting in semicircular scars around each finger-
print. Although he was glorified in the media, it was an ama-
teur job; the procedure left more than enough ridge detail to 
identify him.” ■
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Can people ever lose their fingerprints?
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Eye candy abounds in this volume on gems 
based on the newly revamped Grainger Hall  

of Gems at the Field 
Museum in Chicago.  
The book covers such 
topics as how gems  
form in nature, how they 
are classified, and the 
fascinating history of 
humanity’s love of jewels.
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ExcErpT
■➜   From eternity to Here : tHe Quest  

For tHe ultimate tHeory oF time
by Sean Carroll. Dutton, 2010 ($26.95)

In his first popular science book, theoretical physicist Sean Carroll 
tackles nothing less than the nature of time. Along the way he explains 
why the past is different from the future—and what this reveals about 
the beginning of the universe. 

“What does it mean to say that time has a direction, an arrow 
pointing from the past to the future? Think about watching a movie played in 
reverse. Generally, it’s pretty clear if we are seeing something running the ‘wrong way’  
in time. A classic example is a diver and a pool. If the diver dives, and then there is a big 
splash, followed by waves bouncing around in the water, all is normal. But if we see a 
pool that starts with waves, which collect into a big splash, in the process lifting a diver 
up onto the board and becoming perfectly calm, we know something is up . . . . 

“Certain events in the real world always happen in the same order. It’s dive, splash, 
waves; never waves, splash, spit out a diver. Take milk and mix it into a cup of black 
coffee; never take coffee with milk and separate the two liquids. Sequences of this sort 
are called irreversible processes . . . .

“Irreversible processes are at the heart of the arrow of time. Events happen in some 
sequences, and not in others. Furthermore, this ordering is perfectly consistent, as far  
as we know, throughout the observable universe. Someday we might find a planet in a 
distant solar system that contains intelligent life; but nobody suspects that we will find  
a planet on which the aliens regularly separate (the indigenous equivalents of) milk and 
coffee with a few casual swirls of a spoon. Why isn’t that surprising? It’s a big universe 
out there; things might very well happen in all sorts of sequences. But they don’t. For 
certain kinds of processes—roughly speaking, complicated actions with lots of individual 
moving parts—there seems to be an allowed order that is somehow built into the very 
fabric of the world.”
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By Steve MirSky

Here’s my conclusion: the only strong evidence we  
have that Oklahoma Senator James M. Inhofe 
isn’t a clown is that his car isn’t small enough. 
As I write in early December, the Copenhagen 
climate change conference has just begun. And 
Inhofe, that gleeful anarchist, says he is going 

to Copenhagen to try to sabotage the affair. 
Inhofe has famously called climate change “the greatest hoax 

ever perpetrated on the American people.” (Actually, the great-
est hoax ever perpetrated on the American people was Lord Am-
herst’s distribution of smallpox-ridden blankets, but I digress.) 
But he has also called global warming the “second largest hoax 
ever played on the American people after the separation of church 
and state.” Well, it’s good to know that the senator is capable of 
revising his theories after he acquires new information, a neces-
sary condition for a truly scientific worldview. 

Inhofe’s attacks on climate change science have been so en-
grossing that until recently I was unaware of his influence in 
Uganda. Investigative reporter Jeff Sharlet points out that Inhofe 
influences Ugandan parliament member David 
 Bahati through their common membership in 
the Washington, D.C. evangelical group called 
the Family. Bahati introduced legislation in 
Uganda that recognized “aggravated homo-
sexuality,” punishable in some cases by death. 
(Scrutiny by MSNBC’s Rachel Maddow led to 
Inhofe repudiating the bill as this issue 
went to press.) 

“Aggravated homosexuality” ranges 
from being infected with HIV to failing to 
report a homosexual to authorities to sup-
porting same-sex marriage. Passage of this 
bill would thus mean two things. First, I 
would have to call my father and come out to him that in 
Uganda I engage in aggravated homosexuality. Second, some 
gay friends of mine will have to change their own definition of ag-
gravated homo sexuality, which currently means having trouble 
getting Lady Gaga tickets. 

Inhofe himself is so intolerant that he once proclaimed, “I’m 
really proud to say that in the recorded history of our family, 
we’ve never had a divorce or any kind of homosexual relation-
ship.” Based on statistics, I’m betting that the Inhofes will wel-
come a homosexual to the family in the near future or that the 
senator’s use of the word “recorded” was strategic. 

(And if I ever hear any of his family singing show tunes from 
the great American musical named for the state the senator rep-
resents, I’m calling the cop in the Village People to make an ar-
rest. The charge: fabulousness.) 

Inhofe may subscribe to the unscientific young earth view of 
creation, which puts the age of our planet at about 10,000 years. 
I called and wrote his office in 2008 to find out his belief about 
the earth’s age, as I suspected it might inform his views on cli-
mate and fossil fuels. After almost a year, I got an information-
free reply, thanking me for my interest. 

Which brings me to young earth creationist Ray Comfort. He’s 
the antievolution activist who, along with former child  
sitcom star Kirk Cameron, recently passed out copies of On  
the Origin of Species with a new introduction that in effect  
explains how Charles Darwin was wrong, a bigot, a misogynist, 
Hitler’s dad, a cribbage cheat and the true kidnapper of the Lind-

bergh baby. 
Comfort himself has been accused of cribbing 

parts of that intro from the writings of Univer-
sity of Tennessee lecturer Stan Guffey, who 
told the Knoxville Metro Pulse: “[Com-

fort’s] introduction begins with a nice, 
sweet little biography, then degenerates 
into intellectually lame, lazy distortions, 
selective reading of the literature, pick-
ing and choosing of facts, and misread-
ings of the historical record.. . .  [He] 
gently moves folks into the notion that 
they don’t want to read what comes 
after the introduction. He just wants 

his 50 pages read, 47 of which are anti-
intellectual, dishonest drivel, the first 
three of which are pretty good be-

cause I wrote them.” 
Comfort’s academic rigor is also on dis-

play in an infamous YouTube video in which he shows Cameron 
how the banana is concrete evidence for divine creation: the 
hand-friendly structure of the banana, with its peel packaging, 
includes ridges allegedly corresponding to the grooves where our 
fingers flex. (Alert the Nobel committee.) I’m waiting for the vid-
eo where Comfort talks about the coconut, that nutritious seed 
clearly designed by God to be opened with an entire Sears Crafts-
man tool set. Which could also be used to start whittling Inhofe’s 
gas guzzler down to more traditional circus car proportions.  ■

Greenhouse Bananas
two men tout stuff you didn’t learn in school, if you went to a good school

© 2010 Scientific American
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