
THE HUNT FOR  
DARK MATTER AXIONS

PAGE 50

WHY LONELINESS 
IS SO TOXIC

PAGE 64

HOW SNAKES  
CAME TO SLITHER

PAGE 70

PLUS

THE RACE TO  
SAVE THE CORALS

Helping them adapt  
to warmer oceans

PAGE 42

MONEY
THE FUTURE OF

Will they fıx a  
flawed system—or 

could they make  
it worse?

Cryptocurrencies 
cut banks and 

governments out of 
fınancial networks

© 2017 Scientific American





January 2018, ScientificAmerican.com 1

January 2018

VOLUME 318 ,  NUMBER 1

00

Photograph by Ian Allen

SPECIAL REPORT 

 24  THE FUTURE 
OF MONEY 

 26  Breaking the Bank
New financial networks could stop  
the concentration of wealth, increase 
transparency and reduce risk—but only  
if used with care.  By Alexander Lipton 
and Alex “Sandy” Pentland 

 32  The World Bitcoin Created 
The first big cryptocurrency has given 
us a glimpse of a new economic order. 
 By John Pavlus 

 38  The Evolution of Trust 
In a new economy, who would own our 
digital identities?  By Natalie Smolenski

On THE 
COVEr 
Cryptocurrencies 
such as Bitcoin and 
Ether have attracted 
major investment  
and massive hype, yet 
much of the public — 
and many business 
leaders—find them 
bewildering. Advo-
cates say digital  
currencies will change 
the world for the  
better. Skeptics say 
we should tread care-
fully on this rapidly 
shifting terrain.  
Illustration by  
Borja Bonaque.

50

SUSTAINABILIT Y 

 42  Can We Save the Corals? 
Scientists are urgently transplanting, 
fertilizing and enhancing corals  
to help them adapt to warmer oceans, but 
rebuilding entire reefs will be daunting. 
 By Rebecca Albright 

A STROPHYSIC S 

 50  Searching for the Dark 
The Axion Dark Matter Experiment just 
entered the most sensitive phase yet in its 
search for invisible particles to explain the 
universe’s hidden mass.  By Leslie Rosenberg 

MEDICINE 

 58  War against Ourselves 
Many new medications trigger an immune 
attack from patients they are designed to 
help—and researchers are racing to stop it. 
 By Michael Waldholz 

PSYCHOLOGY

 64  The Toxic Well of Loneliness 
Isolation from others can lead to a range  
of illnesses and even premature death.  
New science is probing causes and solutions 
to the problem of social disconnection. 
 By Francine Russo 

E VOLUTION 

 70  How Snakes Came to Slither 
Fossil analyses and insights from  
develop mental biology are elucidating  
the long-sought origin of serpents. 
 By Hongyu Yi 

© 2017 Scientific american



2 Scientific American, January 2018

Scientific American (ISSN 0036-8733), Volume 318, Number 1, January 2018, published monthly by Scientific American, a division of Nature America, Inc., 1 New York Plaza, Suite 4500, New York, N.Y. 10004-1562. Periodicals postage 
paid at New York, N.Y., and at additional mailing offices. Canada Post International Publications Mail (Canadian Distribution) Sales Agreement No. 40012504. Canadian BN No. 127387652RT; TVQ1218059275 TQ0001. Publication 
Mail Agreement #40012504. Return undeliverable mail to Scientific American, P.O. Box 819, Stn Main, Markham, ON L3P 8A2.  Individual Subscription rates:  1 year $49.99 (USD), Canada $59.99 (USD), International $69.99 (USD). 
 Institutional Subscription rates:  Schools and Public Libraries: 1 year $84 (USD), Canada $89 (USD), International $96 (USD). Businesses and Colleges/Universities: 1 year $399 (USD), Canada $405 (USD), International $411 (USD). 
Postmaster: Send address changes to Scientific American, Box 3187, Harlan, Iowa 51537.  Reprints available:  write Reprint Department, Scientific American, 1 New York Plaza, Suite 4500, New York, N.Y. 10004-
1562; fax: 646-563-7138; reprints@SciAm.com.  Subscription inquiries: U.S. and Canada (800) 333-1199; other (515) 248-7684. Send e-mail to scacustserv@cdsfulfillment.com.  Printed in U.S.A. 
Copyright © 2017 by Scientific American, a division of Nature America, Inc. All rights reserved. 

Scientific American is part of Springer Nature, which owns or has commercial relations with thousands of scientific publications (many of them can be found at www.springernature.com/us). Scientific American maintains a strict 
policy of editorial independence in reporting developments in science to our readers. Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

 4  From the Editor

 5  Letters

 7  Science Agenda
Schools are not meant to be war zones.  By the Editors 

 8  Forum
Senior positions at federal science agencies need to be filled now. 
 By Andrew A. Rosenberg and Kathleen Rest 

 10  Advances
An era of multisensory astronomy begins. Gun terrorism  
is the deadliest kind. Whales lead sophisticated social lives. 
Ancient trees reveal their secrets.

 22  The Science of Health
How an anti-inflammatory diet can help fight disease. 
 By Claudia Wallis

 23  TechnoFiles
Sci-fi movies continue to predict our tech future—happily. 
 By David Pogue

 76  Recommended
Steadman draws endangered critters. A stowaway to Antarc-
tica. A skeptic’s view of immortality.  By Andrea Gawrylewski

 77  Skeptic
Pleasure in the perception of science is a bulwark against 
science denial.  By Michael Shermer

 78  Anti Gravity
Will intelligent life in the universe find us?  By Steve Mirsky 

 79  50, 100 & 150 Years Ago 

 80  Graphic Science
Mass extinction could begin by 2100.  By Mark Fischetti  
and Jen Christiansen

Power in Puerto Rico 
 Scientific American  explores the U.S. territory’s severe black-
out after Hurricanes Irma and Maria and options to make the 
island’s power grid more resilient. 
 Go to www.ScientificAmerican.com/jan2018/pr-grid 

O N  T H E  W E B

78

23

10

© 2017 Scientific American





4 Scientific American, January 2018

FROM  
THE EDITOR Mariette DiChristina  is editor in chief of  Scientific American.   

Follow her on Twitter @mdichristina

BOARD OF ADVISERS 

Leslie C. Aiello  
President, Wenner-Gren Foundation  
for Anthropological Research

Roger Bingham  
Co-Founder and Director,  
The Science Network 

Arthur Caplan  
Director, Division of Medical Ethics, 
Department of Population Health,  
NYU Langone Medical Center 

Vinton G. Cerf  
Chief Internet Evangelist, Google 

George M. Church  
Director, Center for Computational 
Genetics, Harvard Medical School 

Rita Colwell  
Distinguished University Professor, 
University of Maryland College Park  
and Johns Hopkins Bloomberg School  
of Public Health

Richard Dawkins 
Founder and Board Chairman,  
Richard Dawkins Foundation 

Drew Endy  
Professor of Bioengineering,  
Stanford University 

Edward W. Felten  
Director, Center for Information 
Technology Policy, Princeton University

Jonathan Foley  
Executive Director and  
William R. and Gretchen B. Kimball Chair, 
California Academy of Sciences 

Kaigham J. Gabriel  
President and Chief Executive Officer,  
Charles Stark Draper Laboratory 

Harold “Skip” Garner  
Executive Director and Professor,  
Primary Care Research Network  
and Center for Bioinformatics and 
Genetics, Edward Via College  
of Osteopathic Medicine 

Michael S. Gazzaniga  
Director, Sage Center for the Study  
of Mind, University of California,  
Santa Barbara 

David J. Gross  
Professor of Physics and Permanent 
Member, Kavli Institute for Theoretical 
Physics,University of California, Santa 
Barbara (Nobel Prize in Physics, 2004) 

Lene Vestergaard Hau  
Mallinckrodt Professor of Physics and  
of Applied Physics, Harvard University 

Danny Hillis  
Co-chairman, Applied Minds, LLC

Daniel M. Kammen  
Class of 1935 Distinguished Professor  
of Energy, Energy and Resources  
Group, and Director, Renewable and  
Appropriate Energy Laboratory,  
University of California, Berkeley 

Christof Koch  
President and CSO,  
Allen Institute for Brain Science 

Lawrence M. Krauss  
Director, Origins Initiative,  
Arizona State University 

Morten L. Kringelbach  
Associate Professor and Senior  
Research Fellow, The Queen’s College, 
University of Oxford 

Steven Kyle 
Professor of Applied Economics and 
Management, Cornell University

Robert S. Langer 
David H. Koch Institute Professor, 
Department of Chemical  
Engineering, M.I.T.

Lawrence Lessig  
Professor, Harvard Law School

John P. Moore  
Professor of Microbiology and 
Immunology, Weill Medical  
College of Cornell University 

M. Granger Morgan  
Hamerschlag University Professor 
Engineering and Public Policy,  
Carnegie Mellon University 

Miguel Nicolelis  
Co-director, Center for  
Neuroengineering, Duke University 

Martin A. Nowak  
Director, Program for Evolutionary 
Dynamics, and Professor of Biology and  
of Mathematics, Harvard University 

Robert E. Palazzo  
Dean, University of Alabama at 
Birmingham College of Arts and Sciences 

Carolyn Porco  
Leader, Cassini Imaging Science  
Team, and Director, CICLOPS,  
Space Science Institute 

Vilayanur S. Ramachandran   
Director, Center for Brain and Cognition,  
University of California, San Diego 

Lisa Randall  
Professor of Physics,  
Harvard University 

Martin Rees  
Astronomer Royal and Professor  
of Cosmology and Astrophysics,  
Institute of Astronomy, University  
of Cambridge 

Jeffrey D. Sachs  
Director, The Earth Institute,  
Columbia University 

Eugenie C. Scott  
Chair, Advisory Council,  
National Center for Science Education 

Terry Sejnowski  
Professor and Laboratory Head  
of Computational Neurobiology 
Laboratory, Salk Institute for  
Biological Studies 

Michael Shermer  
Publisher,  Skeptic  magazine 

Michael Snyder  
Professor of Genetics, Stanford  
University School of Medicine 

Michael E. Webber  
Co-director, Clean Energy Incubator,  
and Associate Professor,  
Department of Mechanical Engineering,  
University of Texas at Austin 

Steven Weinberg  
Director, Theory Research Group, 
Department of Physics,  
University of Texas at Austin  
(Nobel Prize in Physics, 1979) 

George M. Whitesides  
Professor of Chemistry and  
Chemical Biology, Harvard University

Anton Zeilinger  
Professor of Quantum Optics,  
Quantum Nanophysics, Quantum 
Information, University of Vienna 

Jonathan Zittrain  
Professor of Law and of Computer 
Science, Harvard University 

Lipton and Alex “Sandy” Pentland, both at the Massachusetts 
Institute of Technology, discuss these phenomena and the rise of 
digital currencies. Distributed monetary systems, with large alli
ances of diverse players, could eventually bring transparency, ac 
countability and equity to global finance. Turn to page 26. If you 

finally want to grasp what people are talking 
about with Bitcoin and blockchain, page 
32 takes you to a wonderfully designed 
explainer by journalist John Pavlus. On 
page 38, cultural anthropologist Natalie 
Smolenski argues that digital currencies 
are about more than money—they repre
sent the evolution of trust itself. 

Elsewhere in the issue, you can see 
how science is working on new breeding 
and distribution techniques to save the 
coral reefs ( page 42 ); a way to gain a bet
ter understanding of dark matter through 
the search for whether axion particles 
exist ( page 50 ); a probe into the cause and 
solutions for the toxic condition of social 
disconnection, also known as loneliness 
( page 64 ); and even how to elucidate the 
longsought origins of how snakes got 
their slither ( page 70). We invite you to 
dive in.  Science awaits. 

Science Is . . . 
As a member  of an editorial team covering the international 
en    deavor known as science, I often find myself on airplanes. Re    
cently my seatmate was a bright young woman. She spoke pas
sionately about her specialty areas of design and marketing and 
was also eager to hear about my career. 

“Science?” she asked. “Why would you 
write about that instead of, say, culture or 
design?” I was surprised by the question 
but quickly realized she was genuinely 
curious. I told her I couldn’t think of any
thing more exciting than covering science. 
I tried to ex  plain: science isn’t something 
apart, a bunch of people in lab coats in the 
ivory towers of academia—it’s part of 
everything, the way we advance discover
ies about the workings of our world and 
create innovations to solve problems and 
address hu  man needs. 

Take money. Today’s monetary system 
has become too complex to regulate and 
manage. Now big data and the emergence 
of digital currencies and digital contracts 
are making it possible to simulate every 
trade  and transaction, the better to under
stand all potential outcomes. In our special 
report “The Future of Money,” Alexander 

Illustration by Nick Higgins
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BALANCE BOARD 
In “Welcome to Everybody’s Issue” [From 
the Editor], editor in chief Mariette Di-
Christina invites ideas to increase gender 
equality at  Scientific American.  Below her 
editorial is a list of the 42 members of the 
magazine’s board of advisers, of which six 
are women. Adding more women scientif-
ic leaders to the board seems advisable if 
the aim is gender parity. 

Shana Aelony  via e-mail 

THE EDITORS REPLY:  We agree, and we 
promise to do better. 

CHILDREN AND GENDER 
“When Sex and Gender Collide,” by Kristi-
na R. Olson, discusses children who choose 
to change gender. From age six until about 
16, I wanted to be a boy. I played almost ex-
clusively with boys, was a “tomboy,” hated 
anything “girly” and found girls rather sil-
ly. My thinking, to this day, is much closer 
aligned with the masculine world, but I 
am definitely a woman, happily married to 
a man. There is no way a child has the ma-
turity to make the drastic decision to start 
taking medication to change sex. 

Elsa Huntley  Vancouver, B.C. 

OLSON REPLIES:  Huntley makes a useful 
point that, like Charlie in my story, many 
children who defy sex-based stereotypes are 
not transgender. She also raises concerns 
about children “taking medication.” The 

article and my research are focused on ear-
ly social transitions, which do not involve 
medical intervention. Instead they include 
changing one’s pronoun and first name. As 
a researcher who is not a clinician, I do not 
advocate for or against any intervention. 
Rather, given that some children undergo 
social transitions, I study them to learn 
about gender and well-being. My hope is 
that one day we will use such research to de-
termine which children are likely to grow 
up to identify as cisgender or transgender 
ad  ults—and to then clarify which interven-
tions maximize their well-being. 

BUG-EYED REFRACTION 
“A Moth’s Eye,” by Morgen Peck [Advanc-
es], reports on research by Shin-Tson Wu 
of the University of Central Florida and his 
colleagues on replicating the surface prop-
erties of the titular organ to reduce glare 
on cell-phone screens. Think of the benefit 
if this technology were used to increase 
the practical efficiency of solar panels. 

Also, the moth’s eye uses raised bumps 
to achieve the desired effect, whereas the 
researchers produced it using dimples. 
Have they looked into cleanability with 
this approach? Such pits may trap dirt. 

Alex Smith  Littleton, Mass.

WU REPLIES:  The antireflective coatings 
have actually already been used in solar 
cells, and they do indeed help improve en-
ergy-harvesting efficiency. 

One reason we chose dimples is that 
they are simpler for mass production. The 
bump geometry is easier to clean, but be-
cause of a special coating, our film exhibits 
a self-cleaning effect, similar to a lotus leaf. 

KNOWLEDGE DENIAL
In “Postmodernism vs. Science” [Skeptic], 
Michael Shermer associates recent strife on 

campuses with so-called “postmodern pro-
fessors,” falsely claiming they teach “that 
there is no truth, that science and empirical 
facts are tools of oppression by the white 
patriarchy.” It is ironic that a top science 
magazine would publish an article about 
an area of scholarship in which the author 
holds no expertise and that decries scientif-
ic knowledge denial while denying knowl-
edge produced in other fields. 

Scholars in many fields, including natu-
ral scientists, have shown that science   has 
sometimes been used to justify oppression 
and inequality and that the institution is   
 still struggling with sexism, racism and 
classism. But they have also explored how 
it has been central to de stigmatization, lib-
eration, progress and survival. 

Countering knowledge denial, whether 
about climate or inequality, is an urgent, 
shared project. Perhaps Scientific Ameri-
can can join us in this endeavor?    

Charis Thompson  University of 
California, Berkeley 

SEX DEVELOPMENT 
“Beyond XX and XY,” by Amanda Monta-
ñez, contributes to intersex visibility by 
showing that variations from what we typ-
ically think of as male or female are natural 
and numerous. There is just one thing we 
wish it had shown intersex is  not:  in need of 
“fixing.” The flowchart indicates where sur-
geries can “modify” the genitals and re-
move the gonads of children with certain 
diagnoses but does not point out the seri-
ous consequences. A “feminizing” genito-
plasty can cause scarring, chronic pain and 
permanent loss of sexual sensation, and go-
nadectomy results in sterilization. 

Montañez also neglects to note that rais-
ing a child as a boy or girl does not require 
surgery. Children’s gender identity may not 
match the one they were raised with, and it 
should not be irreversibly enforced. 
Kimberly Zieselman  Executive director, 
interACT: Advocates for Intersex Youth 

MONTAÑEZ REPLIES:  The graphic pre-
sents only the science of sex and gender as 
a spectrum, and its scope did not allow for 
addressing potential health impacts. I in-
cluded surgery as an optional way a per-
son might shift along that spectrum be-
cause many do undergo such procedures. 
The ways intersex and transgender or non-

September 2017 

 “Adding more women 
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binary identities might overlap is another 
area in which the graphic represents an in-
complete picture of a very complex topic. 

DISCERNING CURVE
The graph “A Labor U-Turn” in “Women’s 
Work,” by Ana L. Revenga and Ana Maria 
Munoz Boudet, claims to show a link be-
tween female labor force participation and 
countries’ per capita GDP with a parabola. 
I believe it is mathematically unsound. If 
instead of highlighting a few data points 
very close to the fitted curve, we colored all 
of them the same shade, what remained 
would look like a dart board. I’m also sur-
prised no countries are given with lower 
than 46 percent female participation. 
Thomas A. Conner  Mountain View, Calif.

THE AUTHORS REPLY:  The U curve shows 
a nonparametric regression of labor force 
participation. It represents predicted val-
ues and is based on publicly available 
data from the International Labor Orga-
nization and the World Bank. Details on 
the methodology and similar results have 
been documented in a vast array of papers, 
including those by economists Claudia 
Goldin in 1995 and Kristin Mammen and 
Christina Paxson in 2000. The highlighted 
dots are only included as an example of 
different countries along the U curve. And 
the Y axis is truncated for presentation pur-
poses. There are indeed countries with fe-
male participation below the 50 percent 
line. The countries included or left out of the 
figure do not change the results.

ERRATA 
Clara Moskowitz’s review of  Significant 
Figures,  by Ian Stewart [Recommended], 
incorrectly referred to Chinese mathemati-
cian Liu Hui’s third-century a.d. proof of 
the Pythagorean theorem occurring hun-
dreds of years before Pythagoras’ birth. Liu 
Hui proved the theory independently of Py-
thagoras but did not predate him. 

In “Postmodernism vs. Science” [Skep-
tic], Michael Shermer wrote that students 
at Middlebury College “physically attacked” 
Charles Murray and Allison Stanger. A po-
lice investigation determined that several 
demonstrators against Murray came from 
outside the campus community. Although 
the attackers were not identified, Middle-
bury maintains they were not students. 
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A School Is Not 
a Military Post 
Educational facilities are used in  
armed conflicts—with children inside.  
We need to stop this 
By the Editors

In October 2017  Joy Bishara recounted to United Nations Secu-
rity Council members her experience of being one of nearly 300 
girls abducted in 2014 from a boarding school in Nigeria by the 
Islamist group Boko Haram. She described to a hushed audience 
how, after her capture, she jumped from a moving truck and ran 
through the bush for hours to escape. More than 100 of her class-
mates remain in captivity. 

Before the kidnapping, the girls—and their families—thought 
that they were in a place dedicated to learning and fun. And with 
good reason. Schools are meant to be safe zones, not war zones. 

All too often, however, that is not the case. Around the world, 
troops use schools and universities as barracks, observation posts, 
weapons depots or centers for interrogation. The Global Coalition 
to Protect Education from Attack, made up of major U.N. agencies 

and nongovernmental organizations (NGOs), such as Human 
Rights Watch, has recorded a range of incidents since 2013, includ-
ing killings, torture, abductions and forced occupations involving 
students, teachers, and schools and universities in 32 countries. In 
2016 alone, the U.N. documented assaults on nearly 500 schools 
in 18 of the 20 nations designated as conflict countries. 

Keeping schools safe is a critical public health issue in strife-
torn regions. Educational sites are more than just places for 
learning to read and count; they can also serve as refuges from 
the psychological impact of living in a war zone and as centers to 
furnish health information and instruction in protective mea-
sures, such as ways to avoid land mines. 

A document known as the Safe Schools Declaration was put 
forward in 2015 at an international conference in Oslo. Devel-
oped in consultation with foreign ministries, defense and educa-
tion officials, and the International Committee of the Red Cross, 
among other groups, it stipulates that countries agree to assist 
victims of attacks on schools; help to keep classes running; inves-
tigate violent incidents; promote “conflict-sensitive” education 
policies to lessen tension among diverse social or ethnic groups; 
and implement various other measures. 

Dozens of countries have signed on, but notably absent on the 
list are 10 of the 15 members of the U.N. Security Council, includ-
ing the U.S., China, Russia and the U.K. Officials from these coun-
tries have argued that an endorsement increases their commit-
ments beyond what is specified by the Geneva Conventions and 
other international law. 

Signatories are not legally bound by the agreement, but that 
does not make it by any means an empty statement. A number 
of signing nations have already taken concrete steps to defend 
schools. Somalia’s defense ministry, for example, has expanded 
its child protection unit. The education ministry in Afghanistan 
has cited the declaration in attempting to remove military check-
points and barracks from school facilities. Nigeria has bolstered 
school security. Efforts go beyond enlisting government help. 
NGOs have sought to steer armed opposition groups in Africa, 
Asia and the Middle East away from occupying schools.

Bringing the issue of keeping schools safe to the internation-
al stage has begun to yield real payoffs. Still, the sanctity of a 
school yard or university campus should be a lesson learned long 
ago. Protecting schools and teachers is an idea that goes back to 
the Romans. In a.d. 333 Roman emperor Constantine I told his 
subjects that professors of literature were relieved of the duty of 
quartering soldiers in their homes so that “they may more easily 
train many persons in the liberal arts.” Constantine I was not the 
only Roman ruler to make such proclamations. 

The same month that Bishara spoke to the U.N., war-ravaged 
Yemen, where students have been killed by Saudi air strikes, be-
came the 70th country to sign the Safe Schools Declaration. Ev-
ery other nation that has yet to do so should follow suit. 

© 2017 Scientific American
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Andrew A. Rosenberg  is director  
of the Center for Science and Democracy 
at the Union of Concerned Scientists.  
Kathleen Rest is executive director  
of the Union of Concerned Scientists. 

War on Science 
Agencies
Budget cuts and layoffs threaten  
the nation’s health and safety
By Andrew A. Rosenberg and Kathleen Rest

As scientists,  we have watched with dismay as senior positions in 
our federal science agencies re  main un  filled, science advisory 
panels get disbanded and science-based policies are undermined. 

But amid this governmental turmoil, another, longer-term 
development is under way that will affect the lives of everyone in 
the U.S. and take its toll on others around the world—the loss of 
critical expertise and capacity in the science agencies of the fed-
eral government, including the Environmental Protection Agen-
cy, the Centers for Disease Control and Prevention, the Oc -
cupational Safety and Health Administration, the National 
Oceanic and Atmospheric Administration, and the National 
Aeronautics and Space Administration, among many others. 

The science-related cuts proposed by the Trump administra-
tion come in programs that deal with issues it opposes ideologi-
cally, such as climate change and the use of regulation to reduce 
pollution. These changes are only part of a larger effort to “decon-
struct the administrative state,” as former White House Chief 
Strategist Steve Bannon has put it, and they reflect this adminis-
tration’s uniquely antiscience attitude.

Thousands of highly trained scientists across a huge range of 
disciplines have worked diligently at the federal level for decades. 

These government scientists—and we were once among them at 
different stages in our careers—are critical to the missions of 
these agencies. These departments are essential to the health and 
safety of all Americans: protecting public health; ensuring clean 
air, water, and the safety of our food and consumer goods; pro-
tecting our natural resources; and responding to national emer-
gencies of all kinds, from terror attacks to natural disasters. 

Budget cuts are only one highly visible strategy. Other execu-
tive actions are eroding the capacity of our nation’s science agen-
cies. For one thing, Trump officials are taking advantage of addi-
tional methods to reduce agency staffing. In the fine print of the 
president’s budget proposal are reductions in staffing by 20 per-
cent or more in some bureaus (the epa, for example), often with 
science programs faring the worst. There are buyout offers for eli-
gible employees and staff transfers to shut down specific areas of 
work. Virtual hiring freezes have been put in place for most civil-
ian agencies. And there are ongoing consultations on how to con-
duct “reductions in force,” otherwise known as layoffs. 

We are seeing three troublesome developments unfold: the 
loss of senior scientists in public service, the dwindling of new 
scientific and technical talent coming into public service, and 
the chilling effect on the work of scientists who decide to stay. 
These issues have come up over and over again in many conver-
sations with our colleagues who have experience as scientists 
and managers in the federal agencies. 

A loss of senior scientists means a downgrading of expertise, 
institutional knowledge, and perhaps even entire programs and 
areas of work led by those scientists. This is the science that 
helps us identify, understand and deal with existing risks, as we 
anticipate future, unknown risks. Science that spurs innovation 
and incubates solutions. This loss of decades’ worth of experi-
ence will take even more time to rebuild, precisely as the com-
plexity and pace of the world’s science-based challenges increase. 

Then there’s the pipeline issue—even more concerning from 
a public service perspective. All the signals seem to be telling sci-
entists (and nonscientists as well) not to go into federal public 
service. Talented, highly trained scientists early in their careers 
are turning away from the idea of joining federal laboratories or 
divisions. Many of these younger scientists tell us they just 
assume there are no opportunities with federal agencies, histor-
ically one of the major employers of scientists in many fields. Or 
that they worry about working in the current political climate. 

Our agencies need that new talent to draw on in years to 
come to protect our nation’s public health, safety and environ-
ment. Government organizations, as with most large groups in 
any sector, depend on people. Without the influx of new talent, 
the Trump administration, whether by strategy or ineptitude, or 
some combination thereof, is threatening to hollow out these 
vital government bodies to the point at which they will cease to 
function as we need them to. We can’t let this happen. 

JOIN THE CONVERSATION ONLINE 
Visit Scientific American on Facebook and Twitter  
or send a letter to the editor: editors@sciam.com
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Colliding neutron stars, such as those depicted  
in this artist’s conception, emit signals in multi-
ple forms that astronomers can now detect.

© 2017 Scientific American
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• Engineering a gluten-free form of wheat

• Social cetaceans evolved bigger brains

• Ancient trees grew in mysterious ways

• A cobalt shortage threatens electric cars 

A STRONOMY 

Cosmic 
Messengers 
The ability to see, hear and even 
“taste” extreme astrophysical 
events is poised to be the next 
big thing in astronomy 

On the morning  of August 17 last year, 
a new era of astronomy dawned with a 
flash in the sky. The burst of gamma rays, 
glimpsed by the Fermi Gamma-ray Space 
Telescope, came from the merger of two 
neutron stars (extremely dense objects 
formed when massive stars collapse and 
die) somewhere in the universe. But gam-
ma rays weren’t the only thing the merger 
produced. Within seconds of Fermi’s 
detection, ripples in spacetime from the 
merger had echoed through two facili-
ties—the U.S.-based LIGO and the Italy-
based Virgo observatories—like rolling 
thunder after a lightning strike. 

These ripples are known as gravitation-
al waves, and detecting them is more like 
“hearing” than “seeing.” Based on the 
waves’ arrival times and strength, astrono-
mers pinpointed their source to a galaxy 
130 million light-years from Earth. Next, 
thousands of scientists around the world 
mobilized to conduct a coordinated study 
of the merger’s afterglow across the entire 
electromagnetic spectrum, the range of 
frequencies from gamma rays to visible 
light to radio waves. 

The payoff was worth it. The observa-
tions revealed that the merger had pro-
duced vast quantities of elements heavier 
than iron, confirming a theory that colliding 
neutron stars are a primary cosmic source  
of gold and other precious metals. As more 
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such mergers are detected and studied, the 
collective census could reveal much about 
the inner workings of neutron stars—city-
sized stellar corpses so dense they are on 
the cusp of collapsing into black holes. Fur-
thermore, by comparing a merger’s bright-
ness with the strength of its gravitational 
waves, astronomers can gauge its exact 
distance. This knowledge could allow them 
to probe the nature of dark energy, the 
mysterious force thought to be accelerating 
the universe’s expansion. 

The scientific haul from the first observed 
neutron star merger, though impressive, 
could have been even greater. The Ice-
Cube observatory in Antarctica looked  
for ghostly particles called neutrinos from 
the collision but found none—most likely 
because these particles were emitted as 
a beam that missed Earth, according to 
IceCube’s top scientist, Francis Halzen. 
If detecting light and gravitational waves 
from the merger was akin to seeing and 
hearing it, finding neutrinos would have 
been like tasting it, too. 

Researchers call this coordinated 
approach “multimessenger” astronomy, 
in which the messengers can be electro-
magnetic radiation, gravitational waves 
or subatomic particles. Astronomers pio-
neered the method in 1987, when they saw 
light and tasted neutrinos from a superno-
va detonating in one of the Milky Way’s 
small satellite galaxies. Yet only now can 
scientists turn an ear to gravitational waves 
as well, thanks to LIGO and Virgo. The 
multi messenger approach is in many 
respects the fulfillment of one of astrono-
mers’ wildest dreams—still, it will require 
wrangling a nightmarish deluge of data 
from disparate observatories. 

“We need to rethink how we do this 
because we may soon see an event like this 
merger once per month or even per week,” 
says Vicky Kalogera, an astronomer at 
North western University and a prominent 
member of the LIGO team. “This one took 
[over] people’s lives. We all dropped every-
thing, told our families and kids we wouldn’t 
see them until the results were announced.” 
Mergers may begin to pop up so frequently, 
Kalogera says, that most will simply not be 
studied in such great detail. 

Already IceCube has sparked another 
global multimessenger follow-up cam-
paign—this time studying the origins of a 
high-energy neutrino detected on Septem-

ber 22, 2017. That effort tentatively traced 
the neutrino to a flaring debris disk orbiting 
a supermassive black hole in the center of a 
galaxy more than a billion light-years away. 
This discovery suggests, Halzen says, that 
such “active galactic nuclei” are the proba-
ble sources of most of the high-energy neu-
trinos and cosmic rays streaming through 
the universe. “We may be in the home 
stretch for revealing the origins of cosmic 
rays, which have been a mystery in astrono-
my for more than a century,” he says. 

There are already several small tele-
scopes dedicated to investigating alerts 
from LIGO, Virgo and IceCube. But their 
capabilities pale in comparison to the 
eagerly awaited Large Synoptic Survey 
Telescope (LSST), an observatory with 
an 8.4-meter-wide mirror set to begin a 
10-year survey in 2022. Imaging the entire 
visible sky every few nights from its perch 

on a Chilean mountaintop, LSST’s all-see-
ing eye could become crucial for probing 
the optical counterparts of future events 
heard by LIGO and Virgo—or tasted by 
IceCube. But “not if there are 10 of them 
every night—that would destroy our sur-
vey!” says LSST chief scientist Tony Tyson. 
Pinning down the electromagnetic source 
of any given gravitational wave or neutrino 
signal would require hours of telescope 
time and sifting through terabytes of raw 
data, Tyson explains. 

Most astronomers agree that the prom-
ise of this field outweighs the challenges, 
however. “Very rarely do you establish this 
kind of new frontier in astronomy,” says Avi 
Loeb, an astrophysicist at Harvard Univer-
sity, who has worked extensively on mul-
timessenger approaches. “It seems nature 
has been almost too kind to us.”  
 — Lee Billings 

Astronomers using the Swope telescope at Las Campanas Observatory in Chile  
pinpointed the source of the neutron star merger on August 17, 2017.
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Gluten-Free 
Wheat? 
Genetically engineered grain  
may be safer for celiacs 

A freshly baked roll  is as delightful as a 
soft, fluffy cloud on a summer’s day. What 
gives bread much of its appealing texture is 
gluten, a group of proteins found in wheat, 
rye and barley. But in people with a serious 
autoimmune disorder called celiac disease, 
gluten damages the small intestine. Many 
others may have milder gluten intolerance 
and avoid foods that contain it.

Most gluten-free bread is made from 
alternative flours such as rice or potato,  
so it tastes and feels different from wheat 
bread. Now, however, researchers say  
that they have found a way to genetically  

engineer wheat that contains far less  
of the most troublesome type of gluten— 
but still has other proteins that give bread 
its characteristic taste and springiness. 

Genetically modified crops are the  
subject of fierce debate around the world; 
some countries, including France and  
Germany, outlaw their cultivation. The  
biggest concern involves the practice  
of inserting DNA from one species into 
another, says Francisco Barro, a plant bio-
technologist at the Institute for Sustainable 
Agriculture in Spain. To avoid this genetic 
crossover,  Barro and his colleagues used 
the gene-editing technique CRISPR/Cas9 

PUBLIC HE ALTH 

The Deadliest 
Weapon 
Gun terrorism kills more people 
per attack in high-income 
countries than any other method 

Terrorist bombings  garner a lot of news 
coverage—but gun assaults are often more 
coldly efficient. Although firearms are used 
in only a small fraction of terror strikes, a 
recent study found that on a per-attack 
basis, guns are four times deadlier than 
other methods in high-income countries. 

“What was surprising was the lethality 
of firearm attacks compared with other 
things like explosions and vehicles,” says 
lead author Robert Tessler, a senior fellow 
at the Harborview Injury Prevention and 
Research Center in Washington State. 
Tess ler and his colleagues also found that 
guns are involved in a higher proportion of 
terror attacks in the U.S. than in other 
high-income countries. The findings add  
to an existing body of research that points 
toward the unique nature of gun violence 
in the U.S., where overall firearm deaths 
reached 36,000 in 2015. 

After the recent terrorism incidents in 
San Bernardino, Orlando and London, 
Tess ler wondered whether attackers’ 
methods differed by region. He and his col-
leagues turned to the University of Mary-
land’s Global Terrorism Database to ana-
lyze weapons used and fatalities in each of 
the 2,817 attacks carried out between 2002 
and 2016 in the U.S., Canada, western 
Europe, Australia and New Zealand. 

Firearms were used in fewer than 10 per-
cent of the attacks but accounted for 55 per-
cent of fatalities, the researchers reported 
online in October in  JAMA Internal Medi-
cine.  They found guns to be significantly 
deadlier than vehicular, explosive, biologi-
cal, chemical or incendiary methods. The 
U.S. accounted for the greatest proportion 
of firearm attacks—20 percent—followed 
by the Netherlands, with 14 percent. 

The authors did not factor gun owner-
ship laws into their analysis, but other stud-
ies have indicated that tougher regulations 
are associated with fewer deaths. A 2017 
review of nearly 50 years of scientific litera-
ture found that firearm homicide rates are 
lower in U.S. states with stricter gun con-
trol, and a 2014 study of a nationwide sam-
ple of all inpatient minors sent to hospitals 
for trauma revealed that children are safer 
in states with tighter firearm restrictions.
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to cut selected genes from a wheat genome. 
Their study zeroed in on alpha-gliadins, 

gluten proteins believed to be wheat’s major 
troublemakers in the immune system. The 
researchers designed bits of genetic material 
that directed the scissorlike Cas9 protein to 
cut out 35 of the 45 alpha-gliadin genes. When 
the modified wheat was tested in a petri dish, 
it produced an 85 percent weaker immune 
response, the team reported online last Sep-
tember in  Plant Biotechnology Journal.

Wendy Harwood, a crop geneticist at the 
John Innes Center in England, who was not 
part of the study, notes that the engineered 
wheat has a ways to go before it can be turned 
into anything marketable. “I don’t think it’s the 
end of the story,” she says. “This is just a really 
important step in maybe producing something 
that is going to be incredibly useful.” To devel-
op a completely safe strain of wheat for celiac 
patients, the researchers may need to target 
more of the gluten genes. Barro says his team 
is working on that.  — Yasemin Saplakoglu

“I would encourage policy makers to con-
sider this relationship between terrorism and 
firearms,” Tessler says, “not only as part of the 
national security policy agenda but also as part 
of the public health policy agenda.”  
 — Rachel Nuwer
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Residual Brain Size

Smaller than expected

Circle area shows 
actual brain mass 

Larger than expected

1,000 grams

Sperm whale
The sperm whale 
has the largest brain 
of any animal. 
Muthukrishna’s team 
put its average brain 
mass at 8,028 grams.

Bowhead whale
Unlike its more 
gregarious peers, 
this Arctic-dwelling 
species is typically 
observed alone or 
in small pods. 

False killer whale
Groups of false killer 
whales, usually 
made up of 20 to 100 
individuals, are known 
to hunt and even 
“strand” (become 
beached) together.

Bottlenose dolphin
Scientists have 
witnessed bottlenose 
dolphins engaging 
in apparent 
social play with 
humpback whales.

Social repertoire score (vertical axis)
A number was assigned to each species based 
on whether or not it exhibits certain highly social 
behaviors such as group hunting, complex 
vocalizations and alloparenting (caring for the 
offspring of other group members).

Residual brain size (horizontal axis)
The mass of each cetacean’s brain is partially 
determined by the animal’s overall body size. 
The residual is expressed as a positive or 
negative value and measures to what extent 
the actual brain size is larger or smaller than 
what body size alone would predict.

E VOLUTION 

Sea Smarts 
The complex social behaviors  
of whales and dolphins 
correspond to bigger brains 

Killer whales  have group-specific dialects, 
sperm whales babysit one another’s young 
and bottlenose dolphins cooperate with 
other species. These social skills are all 
closely linked with the aquatic mammals’ 
brain sizes, according to a recent study in 
 Nature Ecology & Evolution. 

Scientists first proposed a relation 
between social living and brain expansion, 
or encephalization, nearly three decades 
ago, when they observed that primate 
species with larger brains typically lived  
in bigger groups. This theory was later 
broadened to associate brain size with  
other social characteristics, such as resolv-
ing conflicts and allocating food. 

Michael Muthukrishna, an economic 

psychologist at the London School of Eco-
nomics, and his colleagues went searching 
for a similar link between big brains and 
sociality in cetaceans—the mammalian 
order that includes whales, dolphins and 
porpoises. They compiled a comprehen-
sive data set of cetacean brain and body 
mass, group size and social characteristics. 
The team’s analyses, which covered 90 
species, revealed that brain size was best 
predicted by a score based on various 
social behaviors such as cooperation with 
other species, group hunting and complex 
vocalizations. Bigger brains were also 
linked to other factors, including dietary 
richness and geographical range. 

The authors say these results are con-
sistent with theories that cetaceans devel-
oped large brains to deal with the chal-
lenges of living in information-rich social 
environments. Yet Robert Barton, an  
evolutionary biologist at Durham Universi-
ty in England, who did not take part in the 
work, cautions against drawing conclu-
sions about causation from correlation.  

He also asserts that it is important to ex -
amine specific regions of the brain because 
they might evolve differently. For example, 
his own research team has found that  
nocturnal primates’ brains develop larger 
olfactory structures—regions associated 
with smell—than those found in species 
active during the day. 

Muthukrishna notes that his study’s 
main limitation is the lack of available 
research on many cetacean species. Dis-
covering more about whales and dolphins 
could reveal that other factors—such as 
life span and the duration of the juvenile 
phase—might also be involved in brain 
size, he adds. 

Understanding how cetaceans devel-
oped such big brains could ultimately  
help us piece together humanity’s own 
evolutionary history. Because these  
animals occupy a completely different 
environment than people do, Muthukrish-
na says, “they provide us with a useful con-
trol group for testing hypotheses about 
human  evolution.”  — Diana Kwon
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The Price 
of Gold 
Illegal mining in Peru’s  
rain forest has increased  
at a staggering rate 

For decades  gold miners have pillaged  
the lush Peruvian Amazon forest of Madre 
de Dios in search of the precious metal. 
Now a study reports that illicit mining is 
sharply on the rise despite local govern-
ment efforts to curb it—and this is taking 
a heavy toll on the ecosystem. 

In 2012 the Peruvian government 
announced a slew of legal decrees to 
defend Madre de Dios—considered the 
country’s biodiversity capital—against 
miners. Authorities conducted raids,  
dismantled clandestine camps, and regu-
lated fuel and supply traffic. Despite the 
crackdown, the total mining area had 
increased by about 40 percent (to around 
170,000 acres) just four years later. 
According to the most comprehensive 
analysis to date, the practice—possibly 
enabled by poor control of the region and 
greater highway access—extended into  
at least one of the forest’s two national 
reserves, protected areas where mining  
is prohibited.

Extracting gold from rock can contam-
inate the environment. Illegal mining 
activities often use liquid mercury, a toxic 
chemical that can drip into the soil or be 
burned off and released as toxic fumes. 
And the consequences of illicit mining go 
well beyond those of the extraction pro-
cess. Miners often chop down thousands 
of acres of forest with heavy machinery 
that scars the landscape. 

“You can see those dredging machines 
sucking silt from the river, hear their 
engines,” says Raul Tupayachi, a Peruvian 
biologist at the Carnegie Institution for  
Science and a co-author of the study.  
“We hoped our data would show a drop 
in deforestation rates after the govern-
ment actions tried to [curb mining] activi-
ties,” he says. “But we saw that, in the 
long run, they haven’t really made much 
of an impact.”

The study, which analyzed satellite 
images taken between 1999 and 2016 and 

was published last August in  Environmen-
tal Research Letters,  found an initial decline 
in deforestation after the government’s 
actions in 2012. By 2013, however, forest 
loss rates had ballooned. New mines 
started to appear in the following years. 
They invaded protected areas such as  
the Tambopata National Reserve—home 
to the indigenous Ese Ejja, Quechua  
and Aymara peoples, as well as brightly  
colored macaws, giant river otters and  

jaguars. By 2016 mining operations had  
felled at least 1,287 acres of forest within 
the reserve. 

William Llactayo, a geographical engi-
neer at Peru’s Ministry of Environment, 
who did not take part in the work, says  
the study comes at a critical time. If the 
mining trend continues, Llactayo says,  
“a lot of these areas will be [irreversibly] 
degraded in the years to come.”  
 —  Emiliano  Rodríguez Mega

In July 2015 Peru eliminated dozens of illegal gold mining camps within the Madre de 
Dios region, where hundreds of thousands of acres of rain forest have been destroyed.

© 2017 Scientific American
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PALEOBOTANY 

Ring Cycle 
Ancient trees had a complex, 
unique growth strategy 

Cut into the trunk  of a pine tree, and you 
will see a familiar series of concentric rings, 
each corresponding to a season of growth. 
But not all stumps tell the same story. A 
study published in November in the  Pro-
ceedings of the National Academy of Sciences 
USA  reveals that the world’s oldest trees 
had a very different structure. 

Some 370 million years ago cladoxylop-
sid trees stood at least eight meters tall, 
capped by branches with twiggy append-
ages instead of leaves. They looked a bit 
like spindly palm trees. Today their scant 
remains reveal little about their insides;  
in most cases their innards had rotted 
before the trees fossilized, and storms had 
filled them with sand. But the recent find  

of two well-preserved fossils in China has 
exposed the trees’ inner workings—which 
are like no other species studied before. 

At its heart, the mature cladoxylopsid 
tree was hollow. Around the edges ran 
thick, vertical strands containing xylem,  
the tubelike structures that carry water 
through many plants. Modern trees add 
new layers of multiple xylem as they grow, 
creating a woody trunk with a single set  
of concentric rings. But in cladoxylopsids, 
“each strand of xylem had its own growth 
rings,” says paleobotanist Christopher M. 
Berry of Cardiff University in Wales, who co- 
authored the study with colleagues at the 
Chinese Academy of Sciences in Nanjing 
and Binghamton University, S.U.N.Y. 

Peering into a single cladoxylopsid tree 
stump would be like looking at dozens  
of smaller “trees,” the woody strands held 
together by the plant’s soft tissue. As the 
cladoxylopsids grew, these columns of 
xylem split themselves apart—most likely 
to supply water to the expanding plant. 

Rings of wood then formed around the 
newly created strands. 

Over a tree’s lifetime these strands 
would weave and cross, forming an intri-
cate latticework around a hollow core.  
“It’s just incredibly complex,” Berry says. 
He likens these networks of flexible tissues 
and structures to the Eiffel Tower—if said 
tower could grow, stretch and rip itself 
apart over time. 

Although the cladoxylopsid tree has  
no living descendants today, it does have an 
important legacy. Brigitte Meyer-Berthaud, 
a paleobotanist at the French National Cen-
ter for Scientific Research, who did not par-
ticipate in this work, explains that these 
trees were among “the major carbon reser-
voirs of the Paleozoic,” a time period from 
542 million to 251 million years ago. Cladox-
ylopsids made up our planet’s first forests, 
capturing carbon from the atmosphere and 
playing a part in modulating Earth’s climate. 
Given this fact, maybe we should study 
these trees for the forests.  — Daisy Yuhas

As the tree grew, a single xylem strand would 
split itself into two parts; tissue would grow 
between these strands, and wood rings would 
wrap around them, healing the divide. 

These dark shapes are strands of xylem cells sur rounded 
by rings of wood, like miniature pine or oak trees— 
al  though researchers have not yet determined wheth -
er they can age the cladoxylopsid tree by its rings. 

Large tree fossil: This fossil is one of several—the wedge 
shape is like a slice from a larger pie. Such specimens revealed 
that, in broad-trunked trees, the trunk’s core was empty.

Small tree fossil: The trunk’s center is made up  
of soft tis sues, which, as the tree grew, would  
have hollowed out. 

10 mm
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IN THE NE WS 

Quick 
Hits 

For more details, visit  
www.ScientificAmerican.com/jan2018/advances 

 ANTARCTICA 
Only two Adélie penguin chicks out of a population 
of thousands survived last summer’s breeding 
season. Researchers blame abnormally large 
expanses of ice that forced adults to travel farther 
to find food, while their young starved. 

 KENYA 
A perfume made from an antelope’s scent protected cattle from  
tsetse flies, a study of around 1,100 cows found. The flies can transfer 
the parasite that causes “sleeping sickness” (African trypanosomiasis) 
in humans to cows as well, causing losses in milk and meat.

 GERMANY 
The total mass of flying insects in German nature 
reserves has decreased by more than 75 percent 
since 1989. The cause is unclear, but researchers 
caution that if this trend continues, it could disrupt 
the entire food chain. 

 U.S. 
Scientists tracked the ice loss 
in around 1,200 mountain 
glaciers across the U.S. They 
estimate that Washington 
State’s Mount Rainier has lost 
roughly 0.7 cubic kilometer of 
ice since 1970. 

 SAUDI ARABIA 
Archaeologists using Google 
Earth discovered 400 rect
angular stone “gates” strewn 
across the Arabian Desert. 
They think these structures, 
whose purpose remains 
unclear, may be the work 
of ancient nomadic tribes. 

 U.K. 
Engineers have debuted a carplane hybrid 
powered by a jet engine, dubbed the “Blood
hound SSC,” in southwestern England. They 
now plan to add rockets to the vehicle in hopes 
of breaking the world landspeed record. 

 — Yasemin Saplakoglu 
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Cobalt Blues 
A shortage of the metal  
could create a bottleneck  
for electric vehicles 

An electric car future  is speeding closer; 
economic analysts project that a third of all 
automobiles could be battery-powered by 
2040. Most of these vehicles rely on large 
lithium-ion batteries, prompting worries 
about whether the world’s lithium supply 
can keep up. But another element—cobalt—
is a bigger concern, scientists reported in 
October in the journal  Joule.

“The best lithium battery cathodes [neg-
ative electrodes] all contain cobalt, and its 
production is limited,” says study lead Elsa 
Olivetti, a materials scientist and engineer  
at the Massachusetts Institute of Technolo-
gy. Olivetti and her colleagues calculated 
just how short cobalt supplies could fall if 
electric vehicles (EVs) take off as expected—
and the findings are sobering. 

Lithium battery cathodes are made of 
layers of lithium metal oxides that contain  
some combination of cobalt and other met-
als. Cobalt’s unique atomic properties let 
cathodes pack a lot of energy into a small 
space and help to maintain the cathodes’ 
layered structure. 

Olivetti and her colleagues extrapolated 
trends in lithium and cobalt supply through 
2024. To calculate demand, they created 
two scenarios based on estimates of slow  
or speedy growth in battery use for EVs and 
portable electronics. 

Lithium is unlikely to be a limiting factor 
in the long run, they found. But even with  
a very conservative estimate of 10 million  
EV sales in 2025, the demand for cobalt that 

year could reach 330,000 metric tons, 
whereas the available supply at that time 
would be at most 290,000 metric tons. 

Cobalt is a by-product of copper and 
nickel mining, so its production depends  
on the demand for those metals. Further-
more, more than half of the world’s cobalt 
stores are found in the politically unstable 
Democratic Republic of the Congo. 

Recycling lithium batteries is complicat-
ed and rarely done. Even with higher rates 
and cheaper processes, “recycling won’t 
make a dent until 10 or more years after 
mass-market penetration of EVs,” says Linda 
Gaines, a transportation systems analyst at 
Argonne National Laboratory, who was not 
involved in the work.

Newer cathode chemistries offer hope, 
however. Recently developed nickel-rich 
formulations will reduce cobalt demand, 
Gaines says. Cobalt-free cathodes are also 
under development, and researchers hope 
to make them practical. — Prachi Patel 

Cobalt is a critical component in batteries 
for electric cars and portable electronics.

© 2017 Scientific American
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THE SCIENCE  
OF HEALTH Claudia Wallis  is an award-winning  

science writer and former managing editor  
of  Scientific American Mind. 

Illustration by Celia Krampien

The Messy Facts 
about Diet and 
Inflammation 
Can certain foods really help you fight 
heart disease, arthritis and dementia? 
By Claudia Wallis 

In health, as with so many things,  our greatest strength can 
be our greatest weakness. Take our astonishingly sophisticat-
ed response to injury and infection. Our bodies unleash armies 
of cellular troops to slaughter invaders and clear out traitors. 
Their movements are marshaled by signaling chemicals, such as 
the interleukins, which tell cells where and when to fight and 
when to stand down. We experience this as the swelling, redness 
and soreness of inflammation—an essential part of healing. 

But when the wars fail to wind down, when inflammation 
becomes chronic or systemic, there’s hell to pay. I’m looking at 
you, arthritis, colitis and bursitis, and at you, diabetes, colon can-
cer, Alzheimer’s and cardiovascular disease.

Cardiovascular disease is the world’s biggest killer, and we’ve 
known for 20 years that inflammation (along with too much cho-
lesterol) ignites the buildup of plaque in our arteries. Still, no one 
knew if runaway inflammation could actually pull the trigger on 
heart attacks and strokes—until this summer. Results from a large, 
well-designed trial showed that certain high-risk patients suffered 

fewer of these “events” (as doctors so mildly call them) when  
given a drug that precisely targets inflammation (aiming at inter-
leukin 1). It was sweet vindication for cardiologist and principal 
investigator Paul Ridker of Harvard University, who had long con-
tended that inflammation was as vital a target as cholesterol. 

The patients in Ridker’s study had already suffered a heart 
attack and had persistent inflammation (as measured by blood 
levels of C-reactive protein). But it is tempting to extrapolate les-
sons for all of us. Given that chronic inflammation plays a nefar-
ious role in heart disease and many other disorders, shouldn’t we 
all do what we can to keep it in check? And I’m not talking about 
taking drugs like ibuprofen, which ease short-term inflammation. 
I mean something we can do every day of our lives: eat right.

Hop on the Internet or visit a bookstore, and you will see “anti-
inflammatory” diets galore, dishing out recipes and hope. Many 
aim at specific ailments—arthritis, breast cancer, heart disease, 
various autoimmune disorders. Health guru Andrew Weil goes so 
far as to offer an “Anti-Inflammatory Food Pyramid.” 

The underlying science, however, is somewhat shaky. Sure, 
plenty of foods have been found to reduce inflammation—many 
of them in laboratory experiments as opposed to in people: tur-
meric, blueberries, ginger, tea, various vegetables, dark chocolate, 
fish. University of South Carolina epidemiologists James Hébert 
and Nitin Shivappa valiantly surveyed 1,943 such studies and pub-
lished in 2014 a Dietary Inflammatory Index, with 45 food ele-
ments. They created it as a research tool for evaluating diets but 
concede it’s built from studies that varied widely in methodology. 

When I asked Ridker his views on anti-inflammatory diets, he 
grew uneasy. “This has caught on like wildfire,” he says, “but I have 
seen extremely little data that say this piece of food is ‘anti-inflam-
matory’ and this piece is ‘pro-inflammatory.’ ” He advises his own 
patients to eat a Mediterranean-type diet, heavy on vegetables, 
whole grains and fish and light on red meat and processed foods.

That diet, long endorsed by cardiologists, has been shown in 
well-designed studies to reduce key markers of in  flammation and 
the risk of heart disease. Would it be even more effective if it incor-
porated more blueberries and turmeric? No one knows for sure. 

Diet research is tricky. Turmeric may work anti-inflammatory 
wonders for mice, but “that’s in the context of rodent chow with a 
whole different set of macro and micro nutrients,” explains Mar-
tha Clare Morris, a nutritional epidemiologist at Chicago’s Rush 
University. And context matters. The typical Mediterranean diet 
calls for loads of seafood a week, and yet studies of people taking 
fish oils as a supplement have not found much benefit. The virtues 
of fish may lie elsewhere or have more to do with displacing meat. 

That’s why researchers such as Morris prefer to study overall 
dietary patterns rather than particular ingredients. Her current 
project examines whether cognitive decline can be slowed with a 
regimen called the MIND diet, which combines elements of the 
Mediterranean diet with another well-studied diet called DASH. 
It will look at inflammation, but results won’t be out before 2021.

Until then, there is no harm in adding more so-called anti-
inflammatory ingredients to your diet. Hébert suggests a spicy 
chai (loaded with ginger, turmeric and pepper). But remember, 
context! So don’t drink it with cookies and chips. 

http://www.nejm.org/doi/full/10.1056/NEJMoa1707914
http://www.nejm.org/doi/full/10.1056/NEJMoa1707914
https://www.drweil.com/diet-nutrition/anti-inflammatory-diet-pyramid/dr-weils-anti-inflammatory-food-pyramid/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3925198/
https://clinicaltrials.gov/ct2/show/NCT02817074
https://clinicaltrials.gov/ct2/show/NCT02817074
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TECHNOFILES

How Well Do 
Films Predict 
Our Tech Future? 
They get lots wrong but a surprising 
amount right 
By David Pogue 

Everyone judges  the plausibility of a movie through a different 
lens. If you’re a doctor, you may think: “That character would 
not have survived that fall.” If you’re an astrophysicist: “That’s 
not how black holes work.” And if you’re me, it’s more like: 
“What a dumb concept of future personal technology!” 

It makes me crazy when sci-fi moviemakers dream up stuff 
with no basis in science. Human teleporters? Sorry,  Star Trek.  A 
bed that detects and cures cancer in seconds? No,  Elysium. 

On the other hand, some movies depict futuristic technologies 
that are so plausible and practical, people invent them in the real 
world.  Star Trek’ s self-opening doors are now a standard feature 
of grocery store entrances, and the driverless cars from  Total  
Recall  (and many other movies) are already on American roads. 

Lately it’s clear that Hollywood’s production designers have 
been putting serious thought into the tech we’ll someday carry. 
 Her,  for example, is about a man who falls in love with his Siri- 
like voice assistant. He talks to her through a single earbud, 

through which he gets a surprising amount done: processing  
e-mail, flipping through news stories, sending messages. When 
an image is essential to the communication, he flips open his 
phone, where the picture appears. 

This solution makes a lot of sense—more than, for example, 
Google Glass, a now discontinued headband that placed a minia-
ture screen above your eyebrow. Social missteps, not technical 
ones, hastened its demise: Glass’s camera intimidated others and 
made you look like an obnoxious cyborg. The  Her  earpiece deliv-
ers many of the same benefits, albeit discreetly and comfortably. 

My only beef with  Her  is that nobody ever precedes a com-
mand with, say, “Alexa” or “Hey, Siri.” How do the movie’s com-
puters know when you’re speaking to  them? Otherwise,  Her  nails 
it in the plausibility department. Al  ready Apple’s AirPods and 
Google’s Pixel Buds let you converse with your voice assistant in 
much the same way, although at this point, you’re more likely to 
receive news and weather than love and fulfillment. 

In a recent Netflix movie called  What Happened to Monday, 
 humans live in a dystopian future where, to control overpopula-
tion, it’s illegal to have more than one child. The characters wear 
wristbands containing tiny projectors. They shine perfectly crisp, 
color images onto their palms, which the characters tap as 
though they are touch screens. I’ll bet the screenwriters were in-
spired by a viral 2014 video about a slim wristband called the 
Cicret. (It raised more than $500,000 from individual backers 
before being debunked as wishful thinking.) 

You can see why people went nuts over the concept: imagine 
having all the power of a smartphone without actually needing 
a smartphone. We won’t see this in the real world, though. Even 
if a pico projector, battery and processor could be shrunk and 
squeezed into a thin band, insurmountable challenges remain. 
How would the projector attain sharp focus on an irregular, mov-
ing palm? How would it project enough light on sunny days? How 
would it work on very light or very dark skin? Above all, how 
would multitouch gestures work, when any finger in the projec-
tor’s beam would cast a black shadow over the rest of the “screen”? 

The robots in HBO’s  Westworld— so sophisticated that they 
are indistinguishable from humans—might be a bit of a stretch. 
Yet the personal tech in that series makes a lot of sense: the char-
acters carry cardboard-thin, trifold phones. When you need a 
quick check, you glance at its “cover”; when you need the bigger 
picture, you unfold it into a tablet.

Most of these shows, however, continue to get one thing ab-
surdly wrong: apparently, in the future, our computers make lit-
tle chirps and beeps as their text and images appear. Why do 
moviemakers think that adding silly sound effects make their fu-
turistic machines more rather than less plausible? In the real 
world, a room full of burbling screens makes us crazy. 

Well, I suppose I should let that part go. They’re just movies, 
right? They’re not a depiction of the future—at least not yet. 

Illustration by Jay Bendt
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SPECIAL
REPORT

Bitcoin was only the Beginning. machines that Broker 
trust without human in  ter med i ar ies could fix the financial 
system’s biggest flaws, but they also raise unnerving 
questions. Are we ready for a world in which any asset—
from currency to personal identity—can be traded and 
tracked in an indelible ledger? What if a technology 
designed to strip banks and governments of power ends 
up giving them unprecedented control?  — The Editors
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I N  B R I E F

The modern financial system has become dangerously complex. Increasing transparency would reduce risk, but that requires modeling  
the monetary circuit at a level of detail beyond the capacity of current technology. 

New technologies such as digital currencies are now making it possible to simulate every trade and transaction. These tools could build more 
efficient financial networks and decentralize the control of money. People could exchange directly with one another instead of relying on banks.

The potential for sweeping change is real , but there are many uncertainties. These digital networks will only promote equity and 
accountability if they are properly built and responsibly used. They could just as easily lead to extreme levels of centralized control.

NEW FINANCIAL NETWORKS COULD STOP 
THE CONCENTRATION OF WEALTH  

AND INCREASE PARTICIPATION IN THE 
ECONOMY—BUT ONLY IF USED WITH CARE 

B Y  A L E X A N D E R  L I P T O N  A N D  A L E X  “ S A N D Y ”  P E N T L A N D 

BREAKING  
THE BANK 

THE FUTURE  
OF MONEY
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 O n a spring day more than 5,000 years ago in the mesopotamian city of Ur, a foreign 
merchant sold his wares in exchange for a large bundle of silver. He didn’t want to 
carry the bundle home because he knew he’d be back in Ur again to buy grain at 
the end of harvest season. Instead the merchant walked to the local temple, where 
valuables were often stored, and asked the priest to hold onto the silver for him. 

Shortly after, the priest’s nephew showed up to 
ask for a loan. The young man wanted to buy seed to 
grow his own crops, a wish that tugged at his uncle’s 
heartstrings. So the priest loaned him some of the 
silver, reasoning that if his nephew failed to repay 
him by the time the merchant needed the silver 
back, he could fill in the missing amount with his 
personal funds or borrow it from friends. By using a 
long-term contract with the foreign merchant to sup-
port a short-term loan to his nephew, the priest dou-
bled the number of commercial transactions by 
using the same money twice. In other words, he 
invented fractional banking. 

Based on archaeological evidence, we know that 
some scenario like this one occurred in Mesopota mia, 
and it profoundly changed the financial environment 
in two ways. First, it increased the overall productivi-
ty of the economy, because the nephew could now 
afford seed. Second, it introduced risk: the nephew 
might not be able to pay the money back in time. 

A few millennia later the emergence of govern-
ment-backed central banks in 17th-century Europe 
connected this “double spending” with taxation. The 
king would borrow money from merchants to fight 
wars or build roads, and he would use it to pay arms 
manufacturers, purveyors and troops. That money 
began circulating, generating economic activity and 
profits, and at each step the amount of money was 
doubled—or more. The king typically repaid the loans 
with taxes imposed on profits, launching a prototype 
monetary circuit that marks the beginning of the 
banking system we use today. 

Distilled to its simplest form, the modern circuit 
works along these lines: First, firms borrow money 
from private banks like JPMorgan Chase or HSBC to 
pay workers’ salaries and other expenses. This is the 
step where money is created. Second, consumers pur-
chase goods produced by firms or deposit the money 
as savings in banks. Finally, those firms use the money 
they receive to repay banks, and the cycle is complete. 
At this stage, the originally lent money is destroyed, 
but the interest stays in the system forever. That’s how 
private banks can jump-start economies by creating 
money “out of thin air.” Their power to do so is regu-
lated in part by central banks, which impose limits on 
the amount of capital and liquidity private banks 
must always have to back lending activities. 

If only it were so simple. Unfortunately, the mon-
etary circuit introduces some fundamental prob-
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lems into society. For one thing, it inevitably creates 
a handful of billionaires who control a high concen-
tration of total wealth. It is also distressingly com-
mon to see leveraged money creation without suffi-
cient understanding of (or care for) the risks. Which 
is how we get financial crashes, such as the one in 
2008: when bankers and politicians spurred an insa-
tiable demand for mortgages, it was met by a signi-
ficant increase in the amount of money created—
along with an even more significant increase in risk. 

It may seem obvious to blame the monetary cir-
cuit itself for these problems. But it’s not the root 
of the issue. Leveraged money creation works well 
as long as we can understand and control its inher-
ent risks while suppressing undesirable wealth con-
centration. Today, however, a tangled web of factors, 
such as a booming population, global trade and pow-
erful computers, makes the system far too complicat-
ed to manage and regulate, let alone understand. 

What’s more troubling is that the prevailing 
framework we use to guide macroeconomic activity is 
based on outdated paradigms. Models that are typi-
cally used to govern money creation and interest 
rates, for example, still treat private banks as simple 
intermediaries, ignoring the fact that they are big, 
active, money-creating elements unto themselves. 
That banks have their own motivations and profit-
making strategies injects major opacity into the sys-
tem. It’s no wonder that the 2008 mortgage crisis was 
difficult to see coming. 

Today’s supercomplex monetary circuit needs to 
be modeled in unprecedented detail for us to actual-
ly understand it. Technological limitations have long 
prevented such a gargantuan task.   But big data and 
the emergence of digital currencies and digital con-
tracts are finally changing that. Rather than using his-
torical averages to estimate what might happen in any 
economic system, it is finally becoming possible to 
completely simulate every individual trade and trans-
action and analyze all potential outcomes. The pros-
pect of this feat is shaking up the functionality and 
ideology of global finance, and its implications could 
make economic security much better—or much worse. 

THE RISE OF DIGITAL CURRENCIES 
new technologies  that make it feasible to reinvent 
our financial system have exploded on the scene in 
only the past decade. Most everyone has heard of 
Bitcoin, but that’s only one piece of an up-and-com-
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ing financial-technology industry characterized by 
buzz and speculation. What is important to know is 
that the core invention is a “distributed ledger,” a 
database shared and managed by multiple partici-
pants. Think of it as a communal, digital bookkeep-
ing system. It represents the foundational technolo-
gy that has made cryptocurrencies—simply, digitally 
encrypted currencies—such as Bitcoin possible. Its 
underlying data structure, called a blockchain, is 
held in a series of sequentially encrypted blocks. To 
make those blocks reliable and secure, they are con-
sensually updated by a variety of “proving” mecha-
nisms that involve both humans and computers. 

Conceptually speaking, blockchains and distrib-
uted ledgers are not new—blockchains, for instance, 
naturally occur whenever power, land or property 
changes hands. What  is  new is the marriage of the 
two concepts in a tamper-resistant computer system 
that can be applied to a wide range of practical 
problems. New technologies for blockchain-based 
distributed ledgers are making it possible to create 
digital currencies that are far more efficient than 
the U.S. dollar and more efficient than even Bitcoin. 

These tools could enable us to monitor and ana-
lyze transactions at such a granular level that we 
can finally understand the monetary circuit. With a 
whole new level of clarity, we could learn to recog-
nize and act on early-warning signals that arise 
from within the trillions of transactions recorded in 
the ledger, thus increasing system stability and safe-
ty. This kind of open-book, real-time monitoring is 
also safer for the community as a whole. In the 2008 
crash, for example, there was not enough bureau-
cratic capacity to deal with the individual losses of 
tens of millions of citizens. As a consequence, regu-
lators focused mostly on triaging the much smaller 
number of big banks, leaving ordinary people to suf-
fer the most.

As this rapidly evolving technology gets tapped 
for an expanding range of applications, confusion 
abounds. Because Bitcoin is currently the most 
well-known (some might say notorious) form of dig-
ital currency, it is worth backing up to explore its 
origins and its weaknesses and how it is different 
from more promising forms that are now being pur-
sued. Bitcoin was designed as a peer-to-peer digital 
payment system that operates without central 
authority. Anyone can join, which is both a strength 
and a weakness. Users make financial transactions 
with one another directly, without the help of inter-
mediaries. These transactions are recorded in a 
publicly distributed blockchain ledger, for all par-
ticipants to (theoretically) see. Since Bitcoin’s incep-
tion in 2009, its price has gone up several orders of 
magnitude, making it the darling of speculators. 

Bitcoin’s promises are grand. Its proponents—
mostly techno-savvy idealists and libertarians but 
also some criminal types—expect it to become a glob-
al currency that eventually supplants national cur-

Three Types of Financial 
Systems, Visualized

The current monetary circuit  has become too complicated to understand. 
Emerging “blockchain technologies,” such as the one driving Bitcoin, 
decentralize (and defog) the system. New networks are in development. 

Fractional Banking (current monetary circuit)
Banks create money “out of thin air” when they issue loans to firms. Firms pay salaries 
and dividends to households. Households buy goods and services from firms. When loans 
are repaid, the “created” money is destroyed, but interest stays in the system for good. 

Peer-to-Peer Bitcoin Network 
Transactions are made directly between users, without the help of designated intermedi
aries. They are publicly broadcast and recorded in a blockchain. Consensus is maintained 
by random validators. Bitcoin has no value, so its price is inherently unstable. 

Peer-to-Peer Tradecoin Network 
As with Bitcoin, transactions would be made directly between users and are publicly 
recorded in a blockchain. But consensus is maintained by designated validators. Tradecoin’s 
value is backed by real assets supplied by sponsors, so its price is relatively stable. 
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rencies, which, in their minds, can be easily manipu-
lated. Some enthusiasts even believe that Bitcoin is 
the digital version of gold, perhaps forgetting that 
gold gains stability both from its physical attributes 
and from billions of stakeholders and that in the digi-
tal world, good technologies are routinely overtaken 
by better ones.

Bitcoin is actually not the first digital currency, 
and it’s very likely not the last major one either. It 
also has serious logistical constraints. For example, 
the number of transactions that can be handled per 
second is approximately seven, compared with the 
2,000 on average handled by Visa. It’s an energy 
suck, too: mining—the process by which nodes of 
the cryptocurrency network compete to securely 
add new transactions to the blockchain—depends 
on a huge amount of electricity. In high energy-cost 
countries, miners go bust if they cannot afford the 
utility bills for the computing power. While exact 
numbers are not known, it is believed that Bitcoin 
consumes as much electricity as eBay, Facebook and 
Google combined. The system was also set up to dis-
tribute authority among many miners, but by band-
ing together into gigantic pools, a small number of 
groups have become powerful enough to control the 
Bitcoin system. So much for peer-to-peer! 

Bitcoin’s use is limited, too. The term “money” 
can be defined by its three types of use: for transac-
tions, for store of value, and as a unit of account. 
Because Bitcoin’s price versus the U.S. dollar (and 
other government-designated legal tender) is ex -
tremely unstable, it is difficult to use on a day-to-day 
basis. Bitcoin and Ether, another major digital cur-
rency, are not backed by real-world assets or even by 
government promises; consequently, they are purely 
speculative. In colloquial terms, that means they are 
not “real” money: what has no value can have any 
price. Some Bitcoin enthusiasts frame its valueless 
nature as a virtue and claim that in the future all 
money is going to be Bit coin-like. This is highly 
unlikely for both technical and political reasons. 

As the first successful decentralized digital cur-
rency, though, Bitcoin is an impressive break-
through. The underlying technology and the philos-
ophy of an unregulated, peer-to-peer financial sys-
tem are innovative, and Bitcoin poses practical 
solutions to big problems. Of course, it’s only one 
application of blockchain-based distributed ledgers. 
Blockchain, after all, is a technology, not a singular 
ideology: it should not be conflated with the driving 
philosophy behind Bitcoin or with the motivations 
of any of its current and future applications. Just as 
it has the potential to solve some of the existing 
problems of our financial system, it can be used to 
entrench them instead. And when you consider that 
a key element of power is the control of money—
both existing money and future money creation—
we can already peek into the Pandora’s Box of moral 
hazards that this technology has opened. 

A Brief 
History  
of Money 
7th century b.c.:  
Lydians and Greeks 
create standard coinage. 

14th century:  
Merchant banks such  
as the Medicis expand 
involvement in multi
state finance, trade and 
manufacturing. 

17th century: By loan
ing out the value of de
posited money, bankers 
increase economic pro
ductivity while creating 
new sources of risk that 
regularly result in local 
crashes and even wide
spread depressions. Cen
tral banks emerge, link
ing banking with taxation. 

18th century: The gold 
standard evolves from 
previous tactics in which 
circulating money was 
loosely controlled by a 
reserve of precious met
als. This lowers risk.

20th century: The gold 
standard is replaced by 
the Basel Accords, which 
say that holding easily 
sold assets is just as 
good as holding gold. 

Take the central banks of the major reserve cur-
rencies such as the U.S. Federal Reserve and the 
Bank of England. Trust is often associated with size—
the bigger, the more trustworthy—but these players 
have proved such thinking to be a grave mistake. 
They have repeatedly chosen to make the “little guys” 
poorer by diluting their financial obligations through 
inflation, suppressing interest rates and other poli-
cies. Recently they have been testing negative inter-
est rates and contemplating ways to get rid of cash. 

What is more alarming is that some central 
banks are discussing the possibility of making all  
of their currency digital and recording purchases 
directly on a ledger. This could by  pass input from 
private banks and give the government absolute 
control over the economy. It would also mean that 
the government has a record of everything you 
buy—including the stuff you currently purchase 
with cash to intentionally avoid a paper trail. This 
is increasingly looking like a possible scheme, and 
countries such as China, the U.K., Singapore and 
Sweden have announced plans for studying and 
potentially implementing such a strategy. The criti-
cal takeaway here is that although the technology 
itself is decentralized by design, it can be used to 
create centrally controlled systems. 

TOWARD A MORE STABLE FINANCIAL SYSTEM
it is clear  that the invention of blockchain and dis-
tributed ledgers won’t eradicate problems like finan-
cial crashes and unhealthy inflation—at least not in 
the short term. But it does enable the creation of 
legitimate alternatives to the big, powerful players. 
Technology now makes it possible to form specialized 
global currency systems that previously would not 
have had sufficient scale, trust or political stability to 
compete. That is why a natural next step is for the lit-
tle guys—such as emerging economies or large num-
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bers of individual citizens—to band together to form 
alternatives to central banks. 

With that possibility in mind, our lab at the Mas-
sachusetts Institute of Technology is working on 
creating a digital currency suitable for large-scale 
transactional purposes. Called Tradecoin, it will  
be indelibly logged on a blockchain and anchored 
at all times to a basket of real-world assets such  
as crops, energy or minerals. Doing so will help  
stabilize its value and make it easier for the public 
to trust it. The core idea is that a broadly useful  
currency needs both human trust and efficient 
trade systems. 

A digital Tradecoin built on a distributed ledger 
can allow alliances of small nations, businesses, 
commercial traders, credit unions or even farmers 
to put together enough assets to back a large, liquid 
currency that would potentially be as trustworthy 
and at least as efficient as the national currencies 
used by the World Bank and the International Mon-
etary Fund. This would give the Tradecoin alliance 
members some protection from the selfish policies 
of the big players. The cryptographic structure 
makes it much easier, safer and cheaper for them to 
engage in international trade. If the alliance mem-
bers are geographically and politically diverse, they 
could have greater immunity from the risk of de -
fault than if they were backed by a single large enti-
ty. Indeed, this is exactly how the Bank of England 
got started in 1694: as an alliance of merchants. 

By design, the principles behind currencies such 
as Tradecoin are fundamentally different from 
cryptocurrencies like Bitcoin, which are not backed 
by real-world assets and do not involve alliances. 
Tradecoin can also avoid the energy-intensive pro-
cess of mining by using a preapproved network 
of diverse and trusted “validators.” Participants can 
choose a set of validator nodes who are sufficiently 
diverse so that no one can bribe 51 per cent of the 
validators all at once. The result is a fast, fully scal-
able, reliable and environmentally friendly finan-
cial instrument. It combines the most recent tech-
nologies with the very old idea of a gold coin having 
intrinsic value, giving it the necessary trust to be 
used far away from its place of origin. 

Currencies such as Tradecoin can be even safer 
than today’s currencies because they can be designed 
to make the details of the monetary circuit visible for 
supervision. Oversight by human stakeholders is still 
necessary, much as ICANN oversees the Internet sys-
tem or regulators such as the Federal Reserve Board 
oversee the banking system in the U.S. They allow 
for easy distributed ac  counting, which means we can 
more reliably model and predict risks. Right now 
this kind of transparency is impossible because the 
details of financial transactions and contracts are 
tightly restricted. But if such a system had been in 
place in 2008, it could have monitored the extreme 
concentration of some traders in mortgage-backed 

credit-default obligations and “simulated” in detail 
the consequences of changes in home values. Instead 
of hidden packages of bad mortgage deals, there 
could have been bright red flags. 

We are taking on these transparency challenges. 
For instance, we are building “trust network” soft-
ware systems for European Union nations and 
major U.S. financial companies to use as pilot pro-
grams. They will allow recording and “playback” of 
transactions and contracts among different parties 
without exposing proprietary data or violating pri-
vacy. This software is also the core system for Trade-
coin. We are exploring how to pilot two Tradecoin 
currencies: one that is intended for international 
commerce and backed by an alliance of small 
nations and another that is backed by farmers for 
use in commodity markets. We are now recruiting 
alliance members to test the idea. 

It is exciting that for the first time ever, there is 
the possibility of worldwide digital currencies that 
are largely immune to selfish policies of the rich 
central banks that control much of the money. 
Indeed, a flurry of new alternatives is likely to 
emerge, and a few might ultimately rise to compete 
with the biggest reserve currencies. That we can 
now create monetary systems that are truly under-
standable means we can potentially build the tools 
for minimizing risk, avoiding crashes, and main-
taining individual freedom from intrusive govern-
ments and overly powerful corporations. And 
because they will be backed by (and convertible 
into) traditional assets, they have a real baseline val-
ue. That means they are less likely to be targeted for 
speculative attacks and will be strongly resistant to 
both political manipulation and inflation caused by 
the problems of single nations. 

Taken together, next-generation cryptocurrencies 
such as Tradecoin could dramatically reduce fric-
tions in global trade, even amid the chaos of the cur-
rent political and economic climate. As a result, 
major currencies such as the dollar might become 
less dominant, or else the U.S. financial system 
might become better behaved. The hope is that these 
distributed systems, backed by broad alliances  
of diverse players, can bring more transparency, 
accountability and equity to the world.
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THE WORLD  
BITCOIN CREATED 

CORE CONCEPTS 

B
itcoin. cryptocurrencies. smart contracts. many people have now 
heard of the rapidly changing ecosystem of financial technology, 
but few have wrapped their heads around it. Hundreds of cen-
tral banks and corporations are incubating a game-changing tech-
nology called blockchain—and investors are betting billions on 

it. Yet only 24 percent of global financial ser  vices professionals surveyed in 
2017 by PricewaterhouseCoopers (PwC) described themselves as “extreme-
ly” or “very” familiar with it. Much of the public is unsure if any of this 
is legal, if they understand it at all. Evangelists say it has the power to 
upend entire economic systems; others, such as Emin Gün Sirer, a block-
chain researcher at Cornell University, warn that while the technical 
core is “fascinating and disruptive, there’s also a lot of hokum out there.” 
How to parse the nuance—or get a handle on what a blockchain is? 

It all starts with Satoshi Nakamoto, the world’s most reclusive pseud-
onymous billionaire. In October 2008 Nakamoto published a paper via 
an obscure Internet mailing list detailing a design for the world’s first 
blockchain: a public database distributed and synchronized every 10 
minutes across thousands of computers, accessible to anyone and yet 
hackable by no one. Its purpose? To provide a decentralized, bulletproof 
record of exchange for a new digital currency Nakamoto called Bitcoin.

Until that point, the trouble with “peer-to-peer electronic cash” was 
that nobody could reliably prevent you from spending it twice. Block-
chain technology changed all that by inscribing every transfer of Bitcoin 
into a “distributed ledger”—a kind of digital spreadsheet that, thanks to 
the laws of mathematics and cryptography, was more inviolable than 
carving it in stone.  The Economist  dubbed it “the trust machine.” 

The technology that underpins Bitcoin quickly outgrew it, driving a 
frenetic period of innovation. Think of blockchain as a scaffolding that 
can hold any data that need secure provenance: financial histories, own  -
ership documents, proofs of identity. This “worldwide ledger”—as Don 
Tapscott, co-author of  Blockchain Revolution,  calls it—is a blank slate. 
But the technology, imperfect as it is, can be tapped for evil, too, and 
some are pumping the brakes on the frenzy. Here’s a guide to the digital 
landscape that Satoshi Nakamoto—whoever he is—has thrust before us. 

CRYPTOCURRENCY A form of digital currency that relies on 
the math ematics of cryptography to control how and when units 
of the currency are created and to ensure secure transfer of funds. 

PEER-TO-PEER (P2P) NETWORK A web of computers linked 
in a decentralized way, such that any computer can communi cate 
directly with any other without going through a central server or 
other administrator. Napster, the network for sharing music files 
that launched in the late 1990s, popularized the concept. 

NODE A computer connected to a P2P network. The Bitcoin net  - 
work currently has thousands of nodes spread across the globe. 

DISTRIBUTED LEDGER A list of recorded, time-stamped 
transactions that is simultaneously broadcast, copied and 
verified via consensus across many different computers in  
a P2P network. If every node in the network has an identical 
copy of the ledger, falsified entries or corrupted versions can 
be easily detected. 

BLOCK A grouping of individual transaction records on  
a blockchain. On the Bitcoin network, new blocks are added  
to the chain every 10 minutes. 

HASHING A cryptographic method that uses a mathematical 
function to condense any amount of data into a unique string 
of alphanumeric characters of a certain fixed length—called  
a hash value. This creates an easily verifiable digital fingerprint 
for the hashed data. If even a single bit of the original data is 
changed or corrupted, the fingerprint that emerges from the 
hash function will be drastically different, making it easy to 
detect errors or tampering. Hashes are also “one-way”—the 
data cannot be reassembled or extracted from the fingerprint. 

MINING The process by which nodes of a cryptocurrency 
network compete to securely add new blocks of transactions to 
a blockchain. Units of the currency are the reward—and hence,  
a financial incentive to ensure security. Mining involves down-
loading the latest version of the blockchain’s transactions for 
verification, then using brute-force computation to randomly 
search for the solution to a difficult mathematical puzzle created 
via hashing. The first node to discover the correct solution “mines” 
that block, adding it to the blockchain and claiming the reward 
associated with it. Humans control nodes, but the competition 
has nothing to do with skill: simply, the more raw computing 
power a miner applies toward the solu tion, the more likely he  
or she is to find it—a process called proof of work.   

John Pavlus  is a writer and filmmaker focusing on science, 
technology and design. His work has appeared in  Bloomberg 
Businessweek, MIT Technology Review,  and  The Best American 
Science  and  Nature Writing  series. He lives in Portland, Ore. 
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HOW BLOCKCHAIN WORKS 
How does digital currency— or any data—reliably pass back and forth 
on a decentralized network full of strangers that don’t have a reason 
to trust one another at all? By generating a permanent ledger of 
transactions that can’t be changed by any single network member. 

Nonce  
(random 
number)

Previous 
transaction 
fingerprint

New 
fingerprint

Private key

Public key

Verified

Verified

Block
Node

1

3

2

4

5

1 0 1 0 1

1 0 1 0 1 0 1 1 1 0 1 1 0 0 1

1 0 1 0 1 0 1 1 1 0 1 1 0 0 1

1 0 1 0 1 0 1 1 1 0 1 1 0 0 1

Special nodes called miners begin competing with 
one another for the right to add the new block to the block

chain. Their computers perform a tedious set of hashbased 
calculations over and over again by trial and error, hoping to generate  

a solution that satisfies an arbitrary rule defined by the network. (On the 
Bitcoin blockchain, the miners are searching for solutions—or “hash values”—that  
have a particular number of zeros at the beginning.) Whoever is first to complete 

this proofofwork process and find the matching solution successfully  
“mines” that block, earning a financial reward. 

AS AN ALTERNATIVE: Proofofwork mining is energyintensive, so some 
new blockchains are doing away with it, instead using a preapproved 

network of “validator” nodes who can notarize transactions via an 
alternative process called proof of stake. Because this process doesn’t 

rely on difficult hashing calculations, it uses much less 
computing power (and much less electricity).

The transaction is broadcast for verification to  
a peertopeer network of computers operating the 

blockchain. Every node on the network is equipped with a procedure 
for verifying whether the transaction is valid or not. (In a Bitcoin 

transaction, for example, the network would verify whether those paying 
actually have the amount of Bitcoins they say they do.) Once the network  
has reached a consensus, algorithms package up the validated transaction  

with other recent transactions into a block. 

A blockchain transaction begins with one party agreeing to send data to 
another. These data could be anything. But because the point of a blockchain is  
to create a permanent, verifiable record of exchange, the data usually represent 

some valuable asset. Common examples: units of a cryptocurrency or other 
financial instrument; contracts, deeds or records of ownership;  

medical information or other identity data. 

Software creates a “fingerprint” for the new 
block by hashing the data inside it, together with 

two other pieces of information: the fingerprint of the 
preceding block and a random number called a nonce. 

The validated block is added to the blockchain with 
a digital fingerprint that also mathematically encodes 

the validated fingerprints of every block preceding it. These 
nested fingerprints make the blockchain increasingly secure with  

every new block that gets added because altering a single bit of information 
anywhere in the blockchain would drastically change not only the fingerprint  

of that particular block but every subsequent one in the chain as well. 

Miner

Hash value 
puzzle solved

Nonce 

Repeated nonce guesses (energyintensive)
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To participate in today’s global economy, 
ordinary people must accept an asym-
metrical bargain: their lives are trans-

parent to states, banks and corporations, whereas 
the behavior and inner workings of the powerful 
actors are kept hidden. The boundaries between the 
consumer and the citizen have irreversibly blurred. 
Harvard University social scientist Shoshana Zuboff 
has called this one-sided, extractive interaction “sur-
veillance capitalism,” and it is a major structural issue. 
The very institutions whose charter is brokering 
social trust—banks and governments—have in many 
parts of the world spectacularly failed to do so, espe-
cially during the lifetimes of those younger than 35.

The 2008 financial crash and its aftermath gave 

THE EVOLUTION  

I N  B R I E F

Banks and governments  have in many ways failed to broker trust for 
the global economy, especially in the past few decades. Ordinary peo
ple have grown wary of centralized power and are seeking alternatives. 

Bitcoin—and blockchain technology in general— allows the brokering 
of trust to be shifted toward machines and away from human inter
mediaries such as bankers. This technology could design exploita
tion out of the system instead of punishing it later. 

Blockchains lend themselves  both to human emancipation and to 
an unprecedented degree of surveillance and control. How they end 
up being used depends on how the software handles digital identity. 

OF TRUST
THE ULTIMATE SOCIAL 
IMPACT OF BLOCKCHAIN 
TECHNOLOGY DEPENDS 
ON WHO CONTROLS  
OUR DIGITAL IDENTITIES 

B Y  N A T A L I E  S M O L E N S K I 

THE FUTURE  
OF MONEY
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shape to a kind of ambient helplessness. Of the legal 
cases that were brought to court, most were settled 
at shareholders’ expense rather than resulting in jail 
time for high-ranking bankers, which convinced 
many that the wealthy and powerful collude for 
their own benefit. The issues run much deeper than 
the fallout from bad mortgages. An analysis of a 
2007 database listing 37 million companies and 
investors across the world yielded the conclusion 
that 1 percent of these companies control 40 percent 
of the network, and most of the 1 percent are finan-
cial institutions. Over the past three decades invest-
ment earnings have become the chief source of eco-
nomic growth in most countries, far outpacing 
income growth and making the top tier of wealthy 

people even wealthier. In the meantime, two billion 
people are still unbanked, excluded even from a far 
from perfect network that in principle facilitates 
access to capital. There is no agreement about 
whether or how these trends should be transformed 
to promote greater economic equality and inclusion 
without compromising individual autonomy. 

That brings us to a historic moment in which 
mistrust of authority in the forms of power and 
wealth grows against a background of economic life 
that is inescapably global and mobile. If there’s an 
impulse to retreat from it all in protest, there’s also 
an acknowledgment that doing so is a recipe for 
economic self-sabotage. These constraints have led 
technologists around the world to imagine alterna-
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tives that simultaneously scale trust while making  
it more intimate and reciprocal. It’s no coincidence 
that the world’s first successful digital currency, Bit-
coin, emerged on the scene in 2009: it represents  
a reaction to this growing desire for transparency, 
access and empowerment. 

Bitcoin, of course, is a currency that is transacted 
via a blockchain—a new digital infrastructure that 
functions as a distributed ledger of transactions, 
validated according to mathematical consensus 
rather than by humans. It is revolutionizing the pos-
sibilities for direct exchange and individual owner-
ship, not only of money but of any digital asset. 

Bitcoin—and blockchains in general—is often 
referred to as “trustless.” But this isn’t quite accu-
rate. Rather trust has been shifted away from human 
actors and toward a cryptographic system, with 
material incentives for participating in the network. 
In other words, trust is being depersonalized. At 
first, this may seem like a paradox. Haven’t all forms 
of trust relied on humans to some extent? Through-
out history, the momentum of global migration and 
commerce has driven trust networks to scale from 
the small group of people any given person knows 
to communities largely made of strangers and ene-
mies. To expand across the earth, feed growing pop-
ulations, wage wars, build empires and engage in 
knowledge exchange, people have used trust tech-
nologies that evolved out of one another in a more 
or less overlapping sequence: kinship and gift giv-
ing, division of labor, account keeping (the origin  
of credit and debt), hierarchy, currency, universaliz-
ing religions and, most recently, banking. 

At the beginning of the 21st century, trust is 
undergoing yet another stage of evolution. The  
very banks that underwrote modern capitalism by 
acting as secure brokers of trust have in many ways 
become an impediment to its development. In our 
current financial system, policy and law tend to dis-
incentivize exploitative practices through punish-
ment. In the future, blockchains could simply 
design those practices out of the picture. 

BUILDING FROM A BLOCKCHAIN 
bitcoin’s consensus protocol,  which sets out the 
incentives and requirements that frame participa-
tion in the network, is exceptionally good at main-
taining a distributed, open, peer-to-peer system  
of governance. Its transactions are public, though 
pseudonymous, and its code is open-source and 
maintained by a global network of volunteer core 
developers. The Bitcoin blockchain also doesn’t 
store identity data; it uses public/private key pairs, 
rather than accounts, as addresses. 

But blockchain-based transactions are more 
traceable than cash, which means that once a key 
pair is tied to a known identity, network analysis 
can, for example, aid police in tracking down crimi-
nal actors. This reality runs counter to the assump-

tion that cryptocurrencies are more suited to crimi-
nal activity than other types of currency. In fact, it 
reintroduces the specter of surveillance capitalism. 
Interestingly, blockchains have properties that lend 
themselves both to human emancipation and to an 
unprecedented degree of surveillance and control. 
Whether they end up being used for the former or 
the latter depends on how the architecture of the 
“software stack”—the blockchain protocol and the 
application layer—handles digital identity. 

When it comes to protocol, it’s important to under-
stand that there is more than one way to design a 
blockchain. Generally, “blockchain” is used to describe 
a type of system in which a single, universal record  
of transactions is replicated, although there is no 
absolute agreement on a set of necessary character-
istics. Countless chains have now been introduced, 
and they are built to solve different things.

Take Ethereum, a public blockchain that aims to 
be a global, distributed computer called the Ethere-
um Virtual Machine. Its chain stores smart con-
tracts that are executed when the conditions they 
specify are met. Unlike Bitcoin, the users most high-
ly invested in the network—determined via crypto-
currency security deposits—get to collectively vali-
date new blocks. Misbehaving users have their crypto   - 
currency automatically confiscated. 

Some blockchains are designed for communities 
with a higher level of trust among their users. These 
“permissioned” chains generally rely on a central 
authority that grants specific users access to the sys-
tem so they can serve as transaction validators. To 
make sure everyone behaves, permissioned chains 
tend to rely more on disciplining by the central 
authority rather than automated material incen-
tives. One major example is Ripple, a blockchain 
designed specifically to serve as a settlement net-
work for transactions between banks. Similarly, the 
Enterprise Ethereum Alliance is made up of nearly 
200 corporate members who are building an open-
source tool kit so businesses can design their own 
permissioned versions of the Ethereum blockchain.

Still other blockchainlike initiatives are referred 
to as distributed ledgers because they may lack one 
or all of the underlying features of blockchains. 
They are generally permissioned, with many of 
their transactions also kept private. A major dis-
tributed ledger is R3 Corda, developed by a consor-
tium of banks to facilitate consensus regarding 
financial agreements. 

Permissioned blockchains and distributed led-
gers arose in part to include some type of identity 
vetting for validators and transactors on the net-
work. (By design, there is no native identity valida-
tion in the Bitcoin blockchain protocol.) The field  
of identity is the terrain on which the emancipatory 
or oppressive characteristics of blockchains will be 
socially realized. The easier it is to tie someone’s 
transactions to an identity—and the more central-
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ized and externally controlled an individual’s digital 
identity becomes—the more the possibilities for 
abuse multiply. 

PROMISE AND PERIL 
the average person  cannot use any blockchain 
directly, in the same way that the Internet cannot  
be used directly. Rather the individual uses applica-
tions that make use of the underlying blockchain in 
one way or another. The application layer is where 

untold confusion and often outright bad faith can 
reign. The history of Bitcoin, for example, is littered 
with cryptocurrency exchanges and wallet providers 
who left gaping security flaws in their applications, 
leading to high-profile hacks and accusations of 
embezzlement. In the case of the Ethereum network, 
vulnerabilities have resulted in the theft or loss of 
millions of dollars in its Ether cryptocurrency, with 
virtually no recourse for users. In general, using any 
application built by a trusted third party to hold 
your blockchain-based digital assets is still a highly 
insecure proposition. 

This is the crux of blockchain’s catch-22: the pub-
lic won’t use blockchains without user-friendly 
applications. But user-friendly applications often 
achieve that ease through centralization, which rep-
licates the conditions of control that blockchains 
sought to circumvent. 

If blockchains are to become widely useful, though, 
some correlation of identity with transactions is nec-
essary. Perhaps identity will not require a full disclo-
sure of who you are. As some in the Bitcoin commu-
nity have argued, the current fixation on identity ver-
ification is largely misplaced; generally, what people 
want to know is whether a particular claim about you 
is true: Are you over 21? Did you really get a Ph.D. 
from M.I.T.? Are you a U.S. citizen? We are habituated 
by the incentive structures of surveillance capitalism 
to believe that giving up sweeping personal data is 
necessary to get by in the world. Changing that pre-
supposition is one of the most radical influences that 
blockchain technologies may have.

Imagine, for instance, a future of digital voting. 
An election board must be able to correlate the cast-
ing of a vote to a registered voter so that person’s 
vote is marked as “spent.” But that process doesn’t 
necessarily have to identify the individual to the 

board: it could simply verify that the voter is regis-
tered to participate in that election and record that 
he or she has cast a ballot after that person has done 
so—all without correlating the vote to the voter. 

Projects that minimize the dispersal of so-called 
personally identifiable information are still rare,  
in part because they are not easy to monetize—
either in financial currency or in the “currency” that 
is personal data. One example is Blockcerts, a series 
of free reference libraries developed by the M.I.T. 

Media Lab and Learning Machine, where I work. 
Blockcerts allows individuals to hold their digital 
assets in a private wallet that is hosted on their own 
device. The documents issued to a person are not 
associated with any identity profile unless the recip-
ient chooses to do so. All the code is open-source, so 
it can be inspected for integrity and used by anyone 
to build his or her own applications for sending, 
storing, sharing and verifying official documents. 
This claims-based approach is a step toward what 
some in the digital identity space have called “self-
sovereign identity,” which means that individuals 
have administrative control over their own data. 

Blockchains are indeed a disruptive trust tech-
nology. But if blockchain-based applications are  
not designed with a commitment to digital self-sov-
ereignty, there is nothing, in principle, preventing 
human beings from being treated as so many 
objects in a supply chain, with every movement  
and activity recorded, perhaps permanently. Creat-
ing digital identities whose existence is indepen-
dent from governments and corporations is the 
next grand challenge that blockchains both pose 
and could help solve. 

We are habituated by the incentive structures of 
surveillance capitalism to believe that giving up 
sweeping personal data is necessary to get by in  
the world. Blockchain technologies may change that.
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Scientists are urgently transplanting, fertilizing  
and enhancing corals to help them adapt to warmer 
oceans, but rebuilding entire reefs will be daunting 
By Rebecca Albright 

Can We Save the Corals? 
S U S TA I N A B I L I T Y 

ACROPORA CORAL  in the Great Barrier Reef 
releases bundles of sperm and eggs. Corals  
along the reef’s thousands of kilometers spawn 
once a year, during the summer.
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II’m standIng on a beach In australIa, toes dIggIng Into the sand, zIppIng up my wet suIt 
before I dive down to the Great Barrier Reef. As I stare out at the ocean, I’m excited by memo-
ries of my previous dive at this site a decade earlier. Growing up in Ohio, I had spent my child-
hood reading  A Day in the Life of a Marine Biologist  when I wasn’t glued to the Discovery Chan-
nel. I got certified for scuba diving in one of Ohio’s murky limestone quarries and made it to the 
Great Barrier Reef a year later. I’m remembering the anticipation squeezing my chest the day of 
that dive. My friend Emily, now an expert in marine algae, and I took bets on how long we could 
make our air last, which turned out to be about two magical hours. We were mesmerized by a 
forest of vibrant corals teaming with cuttlefish, giant purple clams and graceful sea turtles. 

Now I am back, this time as a post-
doctoral researcher at the Australian 
Institute of Marine Science. I wade in 
up to my chin, tip my head underwa-
ter and look through my mask. My 
heart drops. Gone are the cuttlefish. 
Gone are the giant clams. Gone are 
the turtles. The corals are drab. Most 
of the thriving life has been replaced 
by algae and sediment. Although I 
know senior scientists who shared 
gut-wrenching stories of how a par-
ticular reef had degraded over their 
long careers, I feel I am too young—
barely 10 years in—to see this alarm-
ing degree of change. Shouldn’t I be 
having this experience at the end of 
my tenure, not the beginning? 

My shocked realization happened 
in 2014, as the third global mass-
bleaching event began. Corals, often 
mistaken for rocks, are made of living 
animal tissue that contains microscopic algae, which provide the 
organism with food and give it color. When rising ocean temper-
ature stresses corals, they expel the algae, causing the tissue to 
bleach—turn white—and leaving it vulnerable to starvation and 
disease. The mass bleaching has persisted for three years, ruin-

ing reefs and breaking hearts world-
wide. Although coral reefs can be 
threatened by overfishing, pollution 
and ocean acidification, the rapid and 
widespread destruction from warm-
ing is the greatest concern today. 

The first major global bleaching 
events hit in 1998 and 2010, each 
time triggered by warming seas wors-
ened by El Niño conditions. The 
2014–2017 event was by far the lon-
gest and most extensive, harming 
more than 70  percent of the world’s 
coral reefs. Two thirds of the Great 
Barrier Reef were reported as dead or 
severely bleached, and the devastat-
ing effects continue. Reefs are disap-
pearing before our eyes. In the past 
30 years we have lost approximately 
50  percent of corals globally, and re-
searchers estimate that only about 
10 percent will survive past 2050. We 

need solutions, and we need them fast. 
Although reefs cover just 0.1 percent of the ocean floor, they 

support nearly 25 percent of all marine species, including fish-
eries that feed millions of people worldwide. They also provide 
natural breakwaters that protect coastal communities by reduc-

Rebecca Albright  is a coral biologist and curator at the California 
Academy of Sciences. She focuses on understanding how coral reef 
ecosystems cope with changing environmental conditions. 

I N  B R I E F

Ocean warming  is killing corals. Scientists are trying 
several approaches to help them adapt, including 
transplanting lab-fertilized corals into the wild.

Researchers have found that stressing corals can 
turn on genes that lead to more resilient offspring, 
and enhancing certain algae can boost coral health. 

These techniques  could restore reefs on a regional 
scale, but a worldwide revival can occur only if 
humans slow global warming. 

DIVERS  secure new coral fragments raised 
onshore at Florida’s Mote Marine Laboratory  
back onto a reef so they will grow and fill it in,  

a strategy similar to reforestation on land. 
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ing wave energy by up to 97  percent and wave height by up to 
84 percent. And they generate vast tourism revenue. If we lose 
reefs, we jeopardize the livelihoods of 500 million people and 
more than $30  billion annually in goods and services. Even if 
you do not directly benefit from coral reefs, their destruction 
touches a chord in many people. As my colleague Luiz Rocha of 
the California Academy of Sciences puts it, “I may never live to 
see the  Mona Lisa,  but I still wouldn’t want it to burn.” 

Driven by urgency, scientists are trying increasingly bold 
and creative ways to conserve and restore reef ecosystems. We 
are looking for techniques that are scalable and will not break 
the bank. Right now we are focusing on a handful of options 
that build on one another and can be integrated, including nat-
ural processes and human assistance. Together the steps might 
give corals the chance they need to make it through the coming 
decades, after which, it is hoped, the world will have drastically 
reduced its emissions, so warming will slow down. 

I’m frequently asked: Will coral reefs survive? I think the an -
swer is that they are resilient and might be able to cope, but 
they need breathing room—now. 

NURSING CORALS BACK TO HEALTH 
If you were to dIve  some seven kilometers off the coast of Flori-
da, you might happen on one of several underwater forests of 
plastic trees with corals suspended from branches, like orna-
ments decorating a Christmas tree. Researchers are using such 
nurseries, as well as ones on land, to grow corals that can then 

be transplanted, or “outplanted,” onto degraded reefs. Nurser-
ies take advantage of the fact that all corals can reproduce sexu-
ally and asexually. Corals are clonal organisms—animals that 
are made up of hundreds to thousands of genetically identical 
polyps that are all clones of one another. They can reproduce 
sexually by creating eggs and sperm that fuse to create larvae 
and asexually when one polyp buds another. 

When a coral is damaged by a storm, a piece of a colony 
might break off, tumble away, and eventually reattach to the 
bottom and continue to grow by cloning itself. Nursery practi-
tioners can therefore deliberately fragment corals to create 
genetically identical clones. Today almost 90 species are suc-
cessfully farmed around the world. Practitioners in the Caribbe-
an and western Atlantic now grow and outplant tens of thou-
sands of corals onto degraded reefs every year, often funded by 
private donors, grants or government restoration projects. 

Scientists are looking to ramp up this restoration. Dave 
Vaughan of Florida’s Mote Marine Laboratory recently discov-
ered that because of a natural healing response, corals that are 
broken into tiny, eraser-size “micro fragments” can grow 25 to 
50 times more quickly than corals in the wild. If pieces with the 
same genetic makeup (from the same parent) are placed a few 
centimeters apart, they will reconnect into a larger colony. In 
months, Vaughan’s team can grow football-size corals that 
would have taken years to grow in the wild. After Vaughan be-
gan 12 years ago using older techniques, he produced 600 corals 
in six years. Now his team produces 600 corals in an afternoon 
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Worst Bleaching on Record 
Relentlessly warm ocean water  from 2014 to 2017 created the most extensive coral bleaching ever recorded. More than 70 percent 
of the earth’s coral reefs were harmed. In 2016 alone ( map ), severe conditions spanned the globe ( white regions ). Hot water stresses  
corals, causing them to force algae out of their tissue, cutting off their food supply and leading to emaciation or death. 
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and has succeeded with all of the half a dozen species it has tried. 
Vaughan intends to produce and outplant 50,000 corals this year 
and 100,000 next year. He has vowed not to retire until he plants 
one million. When Vaughan first started, the price tag on a sin-
gle coral was about $1,000. With improved technology and effi-
ciency, his team is currently operating at less than $20 per coral. 
By integrating citizen scientists and 
volunteers, Vaughan is convinced that 
he can get the cost down to $2 per cor-
al—$1 to reproduce it and $1 to plant 
it. Although the U.S. National Marine 
Fisheries Service says recovering the 
endangered Caribbean staghorn and 
elkhorn corals will require a mini-
mum of $255 million and 400 years, 
Vaughan’s goal is to remove them 
from the endangered species list in 
his lifetime. 

We’re now very good at growing 
corals, and we can, in many cases, suc-
cessfully restore reefs to their histori-
cal range and function—at the local 
level. But a jump to the ecosystem lev-
el is massive. One of the toughest chal-
lenges is how to meaningfully scale to 
the big leagues. Most efforts cover less 
than a hectare, while reef degradation 
is occurring over hundreds to thou-
sands of square kilometers. The price 
tag to replant the extensive Great Bar-
rier Reef system, 2,300 kilometers in 
length, has been estimated at nearly 
$200 billion, using fragments at $5 
apiece. But even that cost could be 
well worth it because the recovery 
would restore large fisheries that feed 
many people, create many jobs, and 
protect valuable coastlines and com-
munities from storms. 

CORAL SEX 
In addItIon to growIng  corals asexu-
ally in nurseries, scientists are having 
increasing success in helping corals 
reproduce sexually, which can broad-
en genetic variation. As populations 
decline, genetic diversity is lost, which lessens corals’ ability to 
resist warming water. Many Caribbean reefs, for example, are 
dominated by a single clone, and both science and history teach 
us that relying on low genetic variation, particularly in times of 
environmental change, can lead to disaster. In the 1800s, for 
example, a single clone of the Irish lumper potato fed Ireland’s 
growing population until a rot wiped it out, devastating the 
island’s people and economy. A more diverse crop would have 
fared much better. As in potatoes and people, genetic diversity 
can make corals less susceptible to environmental stress. 

Sexual reproduction is nature’s way of building diversity. 
Corals are fixed to the ocean floor, so they cannot move around 
in search of a mate. To reproduce sexually, most corals release 

eggs and sperm into the water column where, fingers crossed, 
fertilization happens. In degraded areas, where corals are few 
and far between, this becomes increasingly unlikely. 

At the California Academy of Sciences, we are partnering 
with The Nature Conservancy and SECORE International, a cor-
al conservation organization, to help shepherd corals through 

this tricky process. We now have a 
good idea of when different coral spe-
cies spawn. On predicted nights of 
spawning—after sunset, near a full 
moon in late summer (corals are sur-
prisingly romantic)—coral colonies 
release eggs and sperm. We descend 
into the water with nets to harvest 
them and transfer these gametes to 
the laboratory, where we fertilize 
them in buckets of seawater. The re-
sulting larvae are generally the size of 
sesame seeds and are vulnerable to 
being eaten in the wild until they set-
tle and start to grow, so we raise them 
until they are big and healthy enough 
to be outplanted onto the reef. The 
goal is not to replant entire reefs but 
to maximize genetic variation and to 
rebuild enough of the population so 
the reef can then recover naturally 
and be more resilient to environmen-
tal change. 

Many reefs have low genetic diver-
sity, which prevents them from churn-
ing out coral babies. By combining 
asexual and sexual restoration tech-
niques, we may be able to restore one 
reef to the point where it can rebuild 
healthy reefs nearby. The aim is to 
create something that has a life be-
yond itself. 

In the wild, only about one in a 
million coral babies survive. We are 
doing everything we can to help them 
through the vulnerable early stages. 
We can now achieve almost 100 per-
cent success in fertilizing corals in 
the lab and settling the larvae onto 
tiles that can be outplanted, increas-

ing the number of sexually compatible individuals that can 
improve future reproduction without our help. At a spawning 
event in Curaçao in the Caribbean last year, I helped a team col-
lect five million eggs from 25 colonies within two short days. 
This is a new record for SECORE “and shows the scales we could 
work with,” says the organization’s founder Dirk Petersen. 

One of the biggest hurdles is keeping baby corals alive once 
we place them back in the sea. After all, degrading conditions 
are the main cause of coral decline in the first place, so until we 
tackle climate change, pollution and overfishing—through poli-
cy, awareness and global changes to the way we live—we are 
basically using a Band-Aid approach to buy reefs more time to 
try to survive. Along the way, we may be lucky enough to create 

ELKHORN CORAL’S  sperm and eggs are  
collected underwater ( 1 ) in a tube ( 2 ). In the lab,  
re  searchers combine the gametes with those 

from other corals to make new varieties,  
which increases genetic diversity, improving  

resilience to ocean stresses. 

1

2
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Corals are unusual in several ways.   
They are part animals and part algae  
( inset diagram ). And they can produce  
offspring by cloning themselves (asexual 
reproduction) or by fertilizing an egg 
with a sperm (sexual reproduction).  
Rising ocean temperatures are harming 
corals, so scientists are experimenting 
with various interventions (circles) to help 
them multiply and thrive. 

THREE BEINGS IN ONE 
A coral is made of many polyps, 
which together build a skeleton.  
A polyp is fed in part by algae ●a  
living under an epidermis ●b  

coated with bacteria ●c . All three 
organisms benefit one another. 
Algae give most corals their color.

SEXUAL REPRODUCTION 
One night a year a coral colony releases millions of tiny translucent bundles 
that contain eggs and sperm. The bundles rise, dissolving near the ocean 
surface. If a sperm fertilizes an egg, the larva will grow, swim down to the 
seafloor, attach itself and metamorphose into a polyp that can branch out. 

Tweak Algae 
Breed or create heat-

resistant algae. Inoculate 
baby corals with them  
so the corals develop 

greater thermal 
tolerance. 

Cross-Fertilize 
Collect sperm and eggs. 
Fertilize them in a lab to 
raise genetically diverse 
larvae. Plant them on a 

reef where they multiply 
naturally, enhancing 

survivability. 

Micro-Fragment 
Break corals into  

small pieces, which 
regrow quickly. Plant 
thousands on reefs  

so they reconnect into 
larger colonies. 

Turn On Genes 
Stress corals in a lab to 

activate genes that better 
handle heat stress.  

Plant the corals on reefs, 
where they could pass 
this ability to offspring. 

ASEXUAL REPRODUCTION 
A polyp can clone itself by forming a bud that matures into a second identical 
polyp. Or if strong waves break a branch, the fragments can attach to the sea-
floor and mature into adult clones of the original organism. 

Interventions
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genotypes through sexual reproduction 
that we could mass-produce with asexual 
techniques. We could then outplant them 
so Mother Nature could select which spe-
cies might thrive. 

SUPERCORALS 
we can’t depend on  good fortune for that 
scenario to happen. And because the 
ocean environment is changing too rapid-
ly for many corals to adapt naturally, sci-
entists are exploring other ways to acceler-
ate the pace of adaptation. One approach 
is human-assisted evolution—enhancing 
traits that boost the capacity of corals, 
among other reef organisms, to tolerate 
stress and recover after bleaching events. 
Human-assisted evolution already sur-
rounds our everyday lives. Most of the 
food we buy has been selectively bred or 
modified in some way (think “disease- 
resistant tomatoes”). Our pets have been 
selectively bred for certain aesthetics and 
personality traits. So why not breed or en-
hance corals to resist climate change? 

Ruth Gates of the Hawaii Institute of 
Marine Biology and Madeleine van Oppen 
of the Australian Institute of Marine Sci-
ence are collaborating to enhance stress 
resistance. Gates puts corals on “environ-
mental treadmills” to condition them to 
handle stress. Exposing certain corals in 
the lab to sublethal temperature stress 
may actually prompt them to turn on cer-
tain genes that help them better handle 
greater thermal stress in the long run. 
This process, known as epigenetic tuning, 
might be even more exciting if the trained 
corals are transplanted onto reefs, where 
they can transfer this ability to offspring, 
creating a generation of “supercorals.” In 
theory, epigenetic tuning could enhance 
corals’ ability to resist bleaching. 

We are only beginning to understand 
this process. Early lab tests are promising, 
but field trials have yet to be conducted. 
Once done, they will reveal whether transplanted corals confer 
enhanced abilities to subsequent generations, whether the ap -
proach can be scaled up and at what cost, and whether any in -
herent risks exist. 

Van Oppen is exploring selective breeding. A certain amount 
of genetic diversity exists within each species, leaving some  
of them more or less resistant to bleaching or disease. As breed-
ers do with pets to optimize desired traits, if we can identify 
resistant coral colonies and breed them to produce resistant 
offspring, we may be able to improve the temperature tolerance 
of an entire reef as subsequent generations pass down the use-
ful genes. 

Breeding corals is difficult because they can take up to a 

decade to fully mature. Adapting to envi-
ronmental change is hard for the same 
reason. But microbes and algae that live 
in symbiosis with corals typically mature 
rapidly, and they can influence a coral’s 
health tremendously. We are therefore 
try ing to manipulate these organisms 
through artificial selection in ways that 
boost coral health. In recent years scien-
tists have realized just how much our mi -
cro bi ome (the bacterial communities 
inside our body) influences our health, for 
better or for worse. Probiotics are now 
available in everything from yogurt to 
kombucha tea and even chocolate, claim-
ing to boost digestion, immune function 
and overall health. 

Van Oppen is currently developing 
strains of algae in the lab and inoculating 
baby corals with them to see whether they 
confer thermal tolerance. She and Gates 
are also attempting to see if epigenetic 
tuning, selective breeding and microbi-
ome manipulations done on the same cor-
als could possibly be even more effective 
in combination. 

It is still early days for most of the 
techniques we are trying. But some evi-
dence suggests that they could be com-
bined for even greater success. This ap-
proach might look like the following: 
First, we would use sexual reproduction 
and assisted evolution to generate im -
proved and new diversity among coral 
populations and to create individuals that 
have greater stress tolerance. Then we 
would mass-produce them in nurseries 
using asexual techniques and outplant 
them to reefs. 

Could this happen soon? Not exactly. 
Some techniques, such as selective breed-
ing, are immediately tractable, in  ex pen-
sive and effective. But more work is need-
ed to es  tablish the viability and scalability 
of other techniques and to gauge the risks 
of unanticipated ecological consequences. 

It is possible, for example, that artificially en  hanced organisms 
might possess novel traits that allow them to outcompete native 
populations rather than integrating with them, which would un-
dermine the very goal of helping reefs thrive. 

FROZEN FOR THE FUTURE 
whether we boost corals  using single or combined techniques, 
one other step is vital: preserving sperm, eggs, larvae and entire 
coral fragments in the equivalent of seed banks, which agrono-
mists have used for decades to help raise crop yields, disease 
resistance and drought tolerance. The banks allow researchers 
to pull out biological bits and pieces as needed to further 
improve resilience and diversity. 

1

2

3

ALGAE  ( red dots ) feed a healthy  Pocillo-
pora  coral ( 1 ). Warming seas drive them 

off ( 2 ) until the coral is bleached ( 3 ), 
starving it of sugars. (Green dots are 
proteins.) Scientists hope to devise 

heat-tolerant algae that would persist.  
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Taking a page from the in vitro fertilization (IVF) handbook, 
Mary Hagedorn of the Smithsonian Conservation Biology Insti-
tute has established the first genome repository for endangered 
coral species. In IVF, sperm or eggs are cooled with liquid nitro-
gen to extremely low temperatures. The eggs can be thawed, 
fertilized in the lab and transferred to the uterus as embryos. 
Originally developed for humans, the cryopreservation concept 
has spread to help endangered species worldwide. 

In 2004, some years after the first human baby generated 
from a cryopreserved egg was born, Hagedorn created the coral 
cryoconservation program. Her team has developed a freezing 
system for sperm that can be applied to a wide range of coral 
species. To date, the team has successfully banked 16 species 
from around the world (2  percent of the earth’s estimated 800 
species). Thawed sperm have fertilization rates comparable to 
fresh sperm, and the resulting embryos develop normally into 
healthy juveniles. 

Hagedorn has distributed this germplasm, or living tissue, 
to cryobanks in various countries. Theoretically, it could remain 
frozen and alive for hundreds to thousands of years. The germ 
line cells could later be thawed and used in natural and captive 
breeding programs. For example, frozen sperm could fertilize 
eggs from places far beyond the sperm’s natural range, intro-
ducing new genes into the coral gene pool. And of course, the 
banks can preserve species that may decline or disappear if 
reefs collapse. 

Hagedorn hopes to cryopreserve eggs (in addition to sperm) 
and whole larvae within the next two years before moving on to 
entire micro fragments. She is also developing techniques  
to cryopreserve fish testes to help conserve reef fish biodiversity. 
Ultimately she envisions a future in which the germplasms of 
corals and other endangered reef organisms are deposited  
in highly secure facilities, making eggs, sperm and embryos 
available to broaden genetic diversity and rebuild reefs. “We 

have no idea what science will be able to do in 100 years,” Hage-
dorn says. 

Where do we go from here? Although some of these solu-
tions may seem too unconventional by today’s standards, we 
must invest in strategies for tomorrow. Many of these tech-
niques have yet to be tested beyond the conceptual or lab stage, 
and questions remain about the scalability, costs and ecological 
consequences of manipulating reef systems. The consequences 
of doing nothing, however, threaten corals and the many spe-
cies that rely on them. 

What we know for sure is that there is no single fix to the 
problems plaguing coral reefs. Scientists are throwing every-
thing we have at different options to buy reefs time. Although 
none of today’s techniques is likely to salvage reefs at the global 
scale, many show promise on local or regional levels. The reefs 
of tomorrow may not resemble the reefs of today, but they can 
still provide important goods and services to ecosystems and to 
people. Climate change, pollution and overfishing are the larger 
challenges. We have to tackle them collectively to protect 
oceans overall and to give coral reefs the breathing room they 
need to survive. 

M O R E T O E X P L O R E 

Global Warming and Recurrent Mass Bleaching of Corals.  Terry P. Hughes et al. in 
 Nature,  Vol. 543, pages 373–377; March 16, 2017. 

 California Academy of Sciences’ reef program:    www.calacademy.org/explore-science/
hope-for-reefs 

 Mote Marine Laboratory’s micro fragment program:    https://mote.org/research/
program/coral-reef-restoration 

 SECORE International’s coral conservation program:    www.secore.org 

F R O M O U R A R C H I V E S 

Corals as Paleontological Clocks.  S. K. Runcorn; October 1966. 

s c i e n t i f i c a m e r i c a n . c o m /m a g a z i n e /s a 

RESEARCHER  monitors transplanted corals in a bay surrounding the Gates Coral Lab in Hawaii to see how they are affected by acidic 
ocean water, another stressor imposed by climate change. 
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A S T R O P H Y S I C S

The Axion 
Dark Matter 
Experiment 
just entered 
the most 
sensitive 
phase yet  
in its search 
for invisible 
particles to 
explain the 
universe’s 
hidden mass

SEARCHING

DARK

FOR

THE
By Leslie Rosenberg

IN THE BACKGROUND,  the 
insert containing the heart of 
the ADMX experiment sits in 
a clean room. It will soon be 
lowered into a hole ( covered in 
this image ) in the foreground 
to begin a new run. 
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particle that would weigh much less than the WIMP but would 
have a similar tendency to ignore normal matter. If axions are 
dark matter, they would abound everywhere—tens or even hun-
dreds of trillions of them could be floating around in every 
cubic centimeter around you. Their only effects on the rest of 
the universe would be felt through gravity—their accumulated 
mass would be substantial enough to tug on the orbits of stars 
in galaxies and of galaxies in clusters. 

For more than 20 years I have been part of the Axion Dark 
Matter Experiment (ADMX) search for these particles. Although 
we have not found them yet, we have been steadily improving 
our technology. In 2016 ADMX began a new phase. It is now 
sensitive enough that it should be able to either detect axions or 
rule out the most plausible versions of them over the next five 
to 10 years. We stand at an important threshold, and exciting 
news is coming soon, either way. 

THE ORIGIN OF AXIONS 
I was a graduate student  in the 1980s shortly after the idea of 
axions first arose from a problem with a theory called quantum 
chromodynamics (QCD). QCD governs the strong force, which 
holds together atomic nuclei. It has been remarkably consistent 
with experiments, except when it comes to something called the 
strong CP problem. (CP stands for “charge parity.”) QCD sug-
gests that if you were to flip a particle’s charge parity—that is, 
flip its electric charge and view it in a mirror—it would no lon-
ger follow the same rules of physics. Yet researchers have found 
no evidence that this is the case. This conflict between theory 
and experiment presents a serious conundrum—a crack in our 
best model of particle physics. The crack is the strong CP prob-
lem, and it suggests we are missing something big. 

In 1977, when physicists Helen Quinn and Roberto Peccei 
were both at Stanford University, they realized that they could 
attack the strong CP problem in a simple, elegant way using the 
idea of broken symmetries. This concept, one of the recurring 
ideas in physics, goes like this: Sometimes nature is not sym-

That was the conclusion astronomers start-
ed to reach in the 1930s by looking at galaxy clusters, which 
should have blown apart unless some “dark matter” was bind-
ing them together. Scientists started taking the idea more seri-
ously in the 1970s, when astronomers studying how fast galax-
ies rotated found the same thing. Soon researchers realized that 
dark matter was unlikely to be made up of normal matter and 
radiation. By now it seems nearly inescapable that more than 
90  percent of the stuff in the universe that clumps together 
under gravity is some exotic material, perhaps a new particle 
left over from the big bang. 

For a long time the most popular dark matter candidate was 
the theoretical weakly interacting massive particle (WIMP), 
which fits into the much loved but speculative theory of super-
symmetry. Yet sensitive terrestrial WIMP detectors have found 
no signs of such particles despite decades of searching. It is cer-
tainly too early to write off WIMPs, but these null results have 
raised the profile of non-WIMP dark matter candidates. 

A less well-known candidate is the axion, another theorized 

THE 
COSMOS  
IS MOSTLY 
MADE OF 
SOMETHING 
WE CANNOT 
SEE. 

I N  B R I E F

Scientists are searching  for unseen particles  
to explain the “dark matter” that seems to be 
exerting a gravitational pull on everything else  
in the universe. 

An underdog candidate  is the axion, a theoretical 
particle that could explain dark matter  and  solve  
a mystery about the “strong force,” which binds 
atomic nuclei together. 

The Axion Dark Matter Experiment  recently 
became sensitive enough to either detect  
the most plausible versions of axions or rule  
them out. 

Leslie Rosenberg  is a professor of physics at the 
University of Washington. He has been hunting for 
axion dark matter for more than two decades.
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metrical when it seems that it should be. 
For instance, if you stand a pencil on its 
end, there is a rotational symmetry 
whereby it is equally likely to fall in any 
direction. But what if it always falls in 
one direction? We would say that nature 
has made a choice and has “broken” the 
symmetry. When this happens in the 
context of particle physics, a new parti-
cle arises to maintain the underlying 
symmetry even though it appears, on the 
surface, to be broken. (The symmetry 
does not have to be obvious; it can be 
some abstract symmetry of the underly-
ing mathematics.) 

In what I thought was a brilliant in -
sight, Quinn and Peccei applied this idea 
to the strong force. They speculated that 
a hidden type of symmetry related to this 
force has been broken. If this were the 
case, it would nullify the expected CP dif-
ference that theory predicted but that ex-
periments failed to see. Problem solved. 
Shortly thereafter, in another brilliant in-
sight, Steven Weinberg, now at the Uni-
versity of Texas at Austin, and Frank Wil-
czek, now at the Massachusetts Institute 
of Technology, realized this so-called Pec-
cei-Quinn mechanism would result in a 
new particle: the axion. (Physics folklore 
says that the name was borrowed from 
that of a washing detergent because it 
“cleaned up” the strong CP problem.) By 
the mid-1980s theorists concluded that 
the big bang could have produced enough 
axions to account for dark matter. 

The theory did not tell us how heavy 
axions would be or how likely they would 
be to interact with normal matter. We 
knew, though, that they had to be pretty 
inert because so far particle colliders and 
other experiments had not seen them. If 
they were extremely inert, they would 
also likely be very lightweight. And in 
1987 a major cosmic event further limited 
the possibilities for the axion’s mass. At 
that time a supernova exploded in the 
Large Magellanic Cloud, a nearby dwarf 
galaxy. Almost the entire gravitational 
binding energy of the star that collapsed escaped in the form of 
neutrinos, some of which made it to underground detectors 
here on Earth. If axions had a mass of even a few milli electron 
volts divided by the speed of light squared (meV/ c 2) (somewhat 
more than one billionth the mass of the electron), they would 
have been produced in the explosion and distorted the escape 
time of the neutrinos on their way to Earth. Because experi-
ments observed no such distortions, we knew the axions must 
have a smaller mass. Such light axions have ex  traordinarily fee-
ble interactions with normal matter and radiation. For in  stance, 

a relatively mundane particle called the neutral pion decays 
into two photons roughly once every 10–16 second. A light axion 
would decay into two photons once every 1045 years—and that 
is  many, many orders of magnitude longer than the age of the 
universe. The axion would be by far the least interactive parti-
cle known.

Interestingly, if the axion mass is too small, we have new 
problems. Because of the intricacies of the process by which we 
think axions were created near the beginning of the universe, 
the lower the axion mass, the greater the mass density of axions 

Dark Matter Contenders 
Something unseen appears  to be exerting a gravitational pull on the normal matter in 
galaxies and clusters throughout the cosmos, but what is it? Scientists have theorized 
several potential explanations for the “dark matter” they think makes up about a 
quarter of the total mass and energy in the universe. These possibilities fall into various 
categories, as outlined. 

Graphic by Jen Christiansen

Composed of atoms, this 
type of matter makes up 
all the galaxies, stars, 
planets and people. It is all 
that we can directly see. 

The bulk of the universe 
seems to be “dark energy,” 
the name scientists give 
to whatever is causing 
the expansion of space  
to accelerate. 

Dark matter, scientists 
think, is something besides 
the known species of 
particles. It interacts  
only very rarely, if at all,  
with ordinary matter 
except through the force 
of gravity. 

Observations suggest that the bulk of dark 
matter is “cold,” meaning that it travels at 
speeds much lower than the speed of light 
and therefore clumps together more than 
fast-moving, “hot” dark matter.

“Weakly inter-
acting massive 
particles” have 
long been  
the favored 
candidate  
but have failed 
to appear in 
experiments. 

Much lighter 
than WIMPs, 
axions must be 
more plentiful 
to contribute  
the same mass 
to the universe. 

A new type of 
neutrino beyond 
the three varieties 
already known 
could interact 
even less with 
normal particles. 

A large number 
of low-mass 
black holes  
could also supply 
the universe’s 
hidden mass. 

Other 
Theorists have 
envisioned many 
additional possi-
bilities, including 
particles that 
inter act via new 
fundamental 
forces and dark 
matter “atoms” 
that include dark 
correlates of 
protons, neutrons 
and electrons. 
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that results. Should the axion mass be too 
small, the big bang would have produced 
way more axions than necessary to ac -
count for dark matter. There are substan-
tial uncertainties about this mechanism, 
and theorists have come up with clever 
ways to evade the issue, but to me, it be -
comes increasingly implausible to have 
axions with masses much below one 
micro electron volt divided by  c 2 (μeV/ c 2). 

To recap, axions cannot be too heavy, 
or else we would have seen them already, 
either through particle colliders or 
through their effects on the evolution of 
other stars. Moreover, axions cannot be 
too light, or else there would be too much 
dark matter. Determining exactly what 
these mass limits are is very challenging, 
but a reasonable range of allowed dark 
matter axion masses is in the neighbor-
hood of around 1 μeV/ c 2 to 1 meV/ c 2. This range is the “sweet 
spot” for the axion mass, but such particles would be so unreac-
tive to normal matter and radiation that they have been dubbed 
“invisible axions.”

SIKIVIE’S GREAT IDEA
when QuInn and PecceI  first theorized the existence of axions, 
physicists at Stanford and elsewhere began searching for them 
in the explosions produced at particle colliders. Yet the very 

properties that make the axion an attrac-
tive dark matter candidate—its feeble in-
teractions with ordinary matter and radi-
ation—made these searches feel hope-
less. It was frustrating to know that we 
may be bathed in a dense sea of parti-
cles—about 10 trillion axions or more per 
cubic centimeter—that are impossible to 
conjure up in the laboratory. 

Then Pierre Sikivie of the University 
of Florida had a clever idea: rather than 
trying to create axions in accelerators, we 
could search for the cosmic axions that 
make up the vast, pervasive sea of dark 
matter around us. Sikivie imagined a 
magnetic field filling a cylindrical cavity 
that was devoid of everything except, 
presumably, the cosmic axions that flood 
all of space. When an axion interacted 
with the magnetic field, its total energy 

would be almost completely converted into a photon. This in-
teraction would be much more likely to occur if the cavity was 
tuned to resonate with the same frequency as the photon pro-
duced by the axion. Because axions’ mass is very small, and the 
cosmic ones near us are presumably moving at speeds similar 
to the rest of the Milky Way, their energy is tiny, so the resulting 
photon would be somewhere in the microwave frequency 
range. Exactly where, though, is a mystery until we know the 
precise axion mass. For this reason, experimenters would need 

SCIENTISTS  attach sensors to the 
experiment insert ( 1 ). Above the 
insert’s copper-plated cavity is a  
liquid-helium reservoir surround ing 
electronics ( 2 ).

1

2
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to continually adjust the resonant frequency of the experi-
ment’s cavity to “scan” the possible range in hopes of hitting on 
the right match for the axion.

The resulting signal would be very small, perhaps 10–21 watt 
or less, with accompanying noise of around the same amount. 
But very sensitive microwave detectors, collecting a signal for a 
sufficiently long time, should be up to the job. Two of my great 
loves are radio electronics and particle physics, so in my mind, 
Sikivie’s ideas fit together powerfully. 

ADMX IS BORN 
I receIved my Ph.d. whIle at stanford  in the 1980s, when the in-
fluence of Quinn and Peccei was still there, and axions made a 
big impression on me. They appeared to solve two huge myster-
ies in physics—the strong CP problem and the dark matter is-

sue. And after Sikivie’s paper, it seemed that there might be a 
way to detect them. 

From Stanford, I moved to the University of Chicago, where 
I was privileged to work under the late James W. Cronin as an 
Enrico Fermi Fellow. There I became aware of the first attempts 
to put Sikivie’s idea into practice, including the Rochester-
Brook haven-Fermilab experiment and a project at the Universi-
ty of Florida. Both lacked the sensitivity to detect axions in the 
plausible mass range, but they developed the basic hardware 
used by all subsequent experiments. 

While in Chicago, I got to talking with Karl van Bibber, then 
at Lawrence Livermore National Laboratory, and David Tanner 
of the University of Florida, and we realized that we could im-
prove on these efforts. We could begin by deploying a large cav-
ity volume with a strong magnetic field—that would bring us 

4 meters

Microwave photon

Virtual photon

Axion

Illustration by Don Foley

The Hardware 
If axions are all around us, the Axion Dark Matter Experiment could 
find them on the rare occasions that they decay into microwave 
photons. To make this decay more likely, the experiment has a large 
magnetic field and a radio-frequency cavity that, if tuned to the 
same frequency as the photons produced by the axions, should 
encourage the transformation. In 2016 the project entered a new 
phase and began its most sensitive search yet.

Bucking Magnet 
This smaller magnet cancels out, or “bucks,” the 
magnetic field of the main magnet in the vicinity 
of the SQUID amplifier, which relies on a tiny magnetic 
field created by the photons to detect a signal. 

SQUID Amplifier 
This device uses quantum-mechanical effects  
to detect and amplify the minute signal created  
when an axion decays into a photon.

8-Tesla Magnet 
The main magnet in the experiment fills the cavity 
with a magnetic field that encourages the axions  
to decay into photons.  

Microwave Cavity 
The heart of the experiment, this  
empty cavity is where scientists  
expect ambient axions, which 
should be present throughout 
space if they constitute dark 
matter, to transform into 
microwave photons under 
the right conditions. 

© 2017 Scientific American



56 Scientific American, January 2018

partway to the sensitivity we wanted. To go the rest of the way, 
we knew we would need better microwave amplifiers. They 
were the key to being able to pick up and boost the extremely 
weak microwave signal we expected axions to produce—yet the 
transistor microwave amplifiers available at the time were too 
noisy by far. We wanted an amplifier that was limited only by 
the unavoidable noise produced by quantum-mechanical un-
certainty, but they did not yet exist in our frequency range. 

Thus was the ADMX program conceived: We would start 
with a large magnet, the best available microwave amplifiers 
and liquid helium to cool the experiment to 4.2 kelvins to re -
duce noise. In the intermediate term, we would focus on devel-
oping quantum-limited microwave amplifiers. In the long term, 
we would add a “dilution refrigerator”—a system that would 
cool the cavity and amplifiers to temperatures around 100 mil-
likelvins, thus reducing noise. It was an ambitious program—
each phase would take about a decade. Fortunately, we had the 
backing of the Department of Energy’s High Energy Physics 
division and a vision to carry us through. 

THE EARLY YEARS
In 1993 I moved to m.I.t.  to be an assistant professor, and once 
I was there, we formed a collaboration to begin the experiment. 
Lawrence Livermore supplied a large superconducting magnet 
and the experiment site. The gifted Lawrence Livermore physi-
cist Wolfgang Stoeffl made the initial cryogenic design, and we 

are still using much of his ingenious system today. Tanner large-
ly conceived and developed the innards of the experiment based 
on the early University of Florida project, and our group at 
M.I.T. built an ultralow-noise microwave receiver to pick up the 
signal. In 1998 we published the initial results from this early 
ADMX “phase  0”—the first experiment sensitive to plausible 
dark matter axions. We had not found the elusive particles, but 
we were off to a good start. 

Meanwhile we pushed forward on the quest for an amplifier 
that would be sensitive to the faint microwave signals we expect 
axions to produce. Around then, I heard a talk by John Clarke, a 
brilliant quantum-device physicist at the University of Califor-
nia, Berkeley, on quantum amplification. He had been working 
on so-called superconducting quantum-interference devices 
(SQUIDs), which take advantage of the phenomenon of quan-
tum tunneling—the ability of a particle to pass through walls or 
traverse barriers that a macroscopic object cannot. If a photon 
arose in the experiment, it would induce a small magnetic field 
in the SQUID that would disrupt this tunneling in a measurable 
way. The devices were exquisitely sensitive, but they did not yet 
exist for use on microwave-frequency signals. For that applica-
tion, Clarke developed what is called a microstrip DC SQUID 
amplifier. This gadget has a clever geometry that allows the 
SQUID to operate at higher frequencies. 

The plan was promising, but there were still some issues. 
The tiny signal magnetic fields of the SQUID would be swamped 

EQUIPMENT RACKS  house ADMX’s room-temperature  
microwave electronics ( 1 ). Engineers study sensor data  
from the experiment ( 2 ). 
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by the larger field inside the ADMX cavity. The doe reviewed 
our plan and flagged the SQUID issue as “high risk.” At this 
point, in early 2002, I moved to Lawrence Livermore, and my 
collaborators and I decided to divide ADMX into two sequential 
phases: “phase 1a” would demonstrate that SQUIDs can work in 
the experiment’s large magnetic field. A later “phase 1b” would 
then add the dilution refrigerator we needed to get the experi-
ment down to the low temperatures we required. 

We began phase 1a by developing a system to protect the 
SQUID’s sensitive magnetic field from the huge field of the 
experiment. We did this with a series of nested shields and mag-
nets surrounding a large magnet called a bucking coil that 
would cancel out, or “buck,” the main magnetic field. By the 
mid-2000s we had demonstrated that this system works, and 
we began work on the dilution refrigerator—the major element 
needed for ADMX’s phase 1b. 

THE EXPERIMENT GROWS UP 
around thIs tIme, I moved  to the University of Washington, and 
the ADMX experiment came with me to a new and substantial-
ly upgraded site. Meanwhile the doe and the National Science 
Foundation were conceptualizing “Generation 2” dark matter 

detectors meant to be huge improvements on the sensitivity of 
existing searches. Most of the experiments they had in mind 
sought WIMPs, but they were also interested in axions. Our 
ADMX phase 1b plans slotted closely into the Generation 2 pro-
gram, and ADMX Gen 2 was born. Scheduled to begin opera-
tions in 2016 and to run into 2021, ADMX Gen 2 finally adds the 
dilution refrigerator into our experiment. It also more than 
doubles our effective data-taking rate. We have added substan-
tial features to improve the experiment’s sensitivity, and it can 
now conduct what we call a “definitive search”—a sweep over a 
broad range of axion masses, from around 1 to 40 μeV/ c 2, that 
includes the sweet spot for predicted dark matter axions. 

ADMX has many complicated parts that must all work in 
concert, but most of its systems are now highly refined and reli-
able. The collaboration has grown to include Lawrence Liver-
more, U.C. Berkeley, the University of Florida, the University of 
Washington, Washington University in St. Louis, Pacific North-
west National Laboratory, Los Alamos National Laboratory, 
Fermi National Accelerator Laboratory, the National Radio 
Astronomy Observatory and the University of Sheffield in Eng-
land. A new ADMX leadership team has emerged, with co- spokes-
persons Gray Rybka of the University of Washington and 
Gianpaolo Carosi of Lawrence Livermore.

Although we are now surveying the most likely mass range 

for dark matter axions, there is always a chance nature could 
surprise us. Searching in a slightly lower mass range is not huge-
ly difficult, but outfitting our experiment to look for even higher 
masses is a challenge. As the axion mass increases, the cavity’s 
resonant frequency needs to increase as well, and thus the diam-
eter of the cavity must decrease, thereby reducing the available 
volume to search for axions. We could pack a large number of 
cavities inside a single big magnet to maintain a large volume, 
but doing so becomes a “Swiss watch problem”: the complexity 
of such a system is daunting. We may also be able to live with a 
small cavity as long as we can increase the strength of the mag-
netic field to compensate. Such an increase is expensive, but 
research into this possibility is under way. Perhaps within five to 
10 years increased magnetic field strength—to 32 or even 40 tes-
la—could expand the mass range of our search. At much higher 
axion masses—those approaching 1  meV/ c 2—we may even be 
able to see a signal from space. If axions exist in this range and 
form dark matter halos around galaxies, radio telescopes could 
spot very weak emission lines. 

Eventually ADMX and other projects will be able to fully 
explore the theoretical window of possible dark matter axion 
masses. The fact that the full plausible mass range is totally 
accessible to experiments makes axions an attractive candidate 
for dark matter, compared with some alternatives that we may 
never be able to test completely. 

As our experimental work marches on, theorists are also mak-
ing progress on trying to understand the nature of dark matter. 
Sophisticated cosmological models running on supercomputers 
are working on more reliable predictions of the axion mass. It is 
also possible, for instance, that axions would clump together 
throughout the universe in a different pattern than WIMPs 
would, in ways both subtle and dramatic. Future astrophysical 
experiments, such as the Large Synoptic Survey Telescope due to 
begin observations in 2019, may be able to map out the large-
scale structure in the universe accurately enough to allow scien-
tists to discriminate among the dark matter candidates. 

Another possibility is that the axions predicted by quantum 
chromodynamics are just a reflection of some greater theory of 
physics existing on a higher energy scale. One such theory con-
tender, string theory, predicts axions with much smaller masses 
than those probed by ADMX. String theory, however, is highly 
speculative, as are its predictions. 

Twenty years ago the comfortable consensus was that dark 
matter is made up of WIMPs. Since then, the appeal of axions 
has increased. In the not too distant future, we should know 
whether or not they are the solution to the mystery of the invis-
ible side of the cosmos. 
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enough that it should be  
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or rule out the most plausible 
versions of them over the  
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Many new drugs trigger  
an immune reaction that  

cripples them—and the race  
is on to thwart the attack
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ver since he can remember, even as a boy growing up on a small farm in michigan, 
Ken Martin has battled betrayal by his own body. Now 50 years old, Martin was 
born with hemophilia, and he bleeds almost uncontrollably from a cut. If an 
internal vein or artery is injured, the blood it carries pools in an intensely pain-
ful balloon under Martin’s skin. When that happens in his knees, as it frequent-

ly does, he must hobble on crutches or stay in a wheelchair until the bleeding slowly stops. 
Worse, Martin’s body has dealt him a double whammy. People have hemophilia because 

they lack a gene that makes an essential blood-clotting protein, and many of them get regular 
infusions of the missing molecule, which is called Factor VIII. But if Martin gets an injection of 
Factor VIII, his immune system launches a swarm of disease-fighting antibodies against the 
clotting protein, sweeping it away as if it were an infectious microbe. “I’ve never benefited from 
any regimen containing Factor VIII,” says Martin, who is married with two boys and, despite 
the ailment, has had a successful career as a design engineer in the auto industry. Martin deals 
with his bleeds by elevating and icing the swollen area and resting—and with “a lot of patience,” 
he says. There are about 20,000 people in the U.S. with hemophilia, and around 30 percent of 
those with Martin’s type experience similar antibody attacks. 

The problem of antidrug antibodies reaches far beyond 
blood-clotting disorders. ADAs, as they are called, threaten 
some of the newest drugs for treating cancer, heart disease 
and various autoimmune illnesses, such as rheumatoid arthri-
tis. These medications, referred to as biologics, mimic natural-
ly occurring proteins. That often makes them more effective 
than traditional drugs: the pills we swallow that contain small 
synthesized chemicals. But because our immune systems are 
built to detect foreign proteins, some patients react to biolog-
ics as if they were invading bacteria, and this sets off an anti-
body on  slaught rarely seen with pills or tablets. The result is 
that biologic medicine can be blocked or destroyed before it can 
do any good. 

Early biologic developers believed that because many of the 
drugs were based on human genes and proteins, the human 
immune system would not treat them as foreign. This turned 
out to be overly optimistic. When there are reactions, they are 
frequently big enough to ruin the drug. Awareness of this 
response has turned into alarm as biologics have become a 
major part of our medical arsenal. They have grown from 11 per-
cent of the total global drug market in 2002 to between 19  and 
20 percent in 2017, according to the IMS Institute for Healthcare 
Informatics, a research firm, and pharma companies keep mak-
ing more. “With the explosion of biologic products on the mar-
ket and in research pipelines, we’ve become very concerned 
about the effectiveness and safety of these drugs,” says Amy 

E 

 Journalist Michael Waldholz led a team of reporters  
who were awarded a Pulitzer Prize in 1997 for their coverage 
of AIDS. He lives in New York State’s Hudson Valley.
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Antidrug antibodies  are a growing and serious 
problem, an immune reaction that destroys lots 
of modern medications or ruins their effects. 

Drugs for cancer,  heart disease and other serious 
illnesses fail to work in patients when these anti
bodies attack. 

New strategies  to thwart antibodies include train
ing the body to tolerate medicines with a vaccine
like technology. 
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Rosenberg, director of the U.S. Food and Drug Administration 
division that regulates therapeutic proteins. 

An antibody response is the likely reason that AbbVie’s 
Humira, a biologic that treats irritable bowel disease, psoriasis 
and rheumatoid arthritis, fails to work in one fifth of patients or 
more in some studies. Drugmaker Pfizer had to pull a promis-
ing anticholesterol medicine, a biologic named bococizumab, 
after testing it in more than 25,000 people. The drug lost its 
ability to help patients over time, and in six trials almost half 
the people who received medication developed ADAs. The anti-
bodies were the probable reason for the drug failure, says Paul 
Ridker, a cardiologist at Brigham  and Women’s Hospital, who 
oversaw the tests.

In October 2016 researchers at the Netherlands Cancer Insti-
tute in Amsterdam reported that more than half the biological 
anticancer drugs being tested in 81 clinical trials worldwide 
were generating antibodies, although they could not determine 
if the activity always crippled the drug. Swiss drug company F. 
Hoffmann–La Roche recently stopped developing a protein that 
successfully treated breast and lung tumors after it triggered 
ADAs in initial human studies. 

When these drugs failed, they cost patients dearly and also 

set back pharma companies hundreds of millions of dollars. So 
there is widespread worry. In 2016 Rosenberg’s agency called on 
drugmakers to improve ADA-testing technologies, to look for 
the antibodies before and during clinical trials, and to report 
the incidence of such reactions and their effect on drug efficacy 
and patient safety. “It’s im  portant to get evidence we didn’t ask 
for before,” Rosenberg says.

Researchers themselves are asking for tolerance—but not for 
crippled drugs. They are devising ways to get greater tolerance 
from the immune system for biologic molecules. In one ap -
proach gaining wide interest, immunologists are testing new 
ways to “teach” the immune system to accept these new biolog-
ics, to perceive them as normal instead of as an unwanted in -
truder. Other biotech companies are building tolerance into the 
therapeutic molecules themselves, developing substances that 
lack the features that raise an immune alarm. One, in fact, is 
using antibodies themselves to develop medicine with a mini-
mal antibody response. 

TELLING FRIEND FROM FOE
selecta biosciences,  a biotech firm based outside Boston, is try-
ing to foster tolerance based on new insights into how the 

Dendritic cells digest biologics 
and present small pieces to 
other immune cells, starting 
a search-and-destroy reaction.

Antidrug 
antibodies home 
in on the drugs, 
marking them 
for destruction.

Biologic drug Dendritic cell
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changes immune system responses.

1

Rapamycin 

Nanoparticle

Regulatory
T cell

Helper T cell

Quiescent T cell

Quiescent T cell

Blocking a Bad Reaction 
Biologics, the newest drugs to treat deadly illnesses  such as cancer and heart disease, are based on proteins. But the body’s 

immune system can react to these molecules by targeting them for destruction with antidrug antibodies. One company, Selecta 
Biosciences, is developing synthetic vaccine particles (SVPs) that reduce immune system antipathy toward these medicines. 

When Antibodies Attack 
Dendritic cells in the immune system react to protein-based drugs as if 
defending the body against invading bacteria. The cells carry small pieces 
of the drug to hitherto quiet helper T cells, activating them. The T cells 
then signal antidrug antibody (ADA) factories, called B cells, to turn on.

More Tolerance for Medicine 
SVPs are nanoparticles containing rapamycin, an immune system 
modulator. They are injected at the same time as the biologic medicine. 
Both types of molecules are taken up by dendritic cells, which, because 
of the pairing, do not tell the body that the medicine is an invader.
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immune system distinguishes pathogens it should destroy from 
human cells it must leave undisturbed. Selecta’s most advanced 
therapy prevented ADA reactions that hinder a medicine for 
severe gout, a disabling form of arthritis, in a clinical trial. The 
technique is also showing promise in enhancing the effective-
ness of treatments for cancer and genetic illnesses that have 
been inhibited by ADAs, the company says. 

“We have found a way to manipulate the immune system in a 
very specific way,” says Takashi Kei Kishimoto, Selecta’s chief sci-
entist. “It’s something immunologists have been trying to do for 
a very long time.”

Selecta’s technology has its origins in the Harvard Medical 
School laboratory of Ulrich Von Andrian, who has spent years 
unraveling how the body’s disease defenders signal the presence 
of a marauding infectious agent. After tracking how immune 
system cells move through the body to an infection site, he 
focused on dendritic cells, which appear to act like the com-
manding officers of the immune system’s army. They are respon-
sible for signaling an offensive against a marauding pathogen. 
When a dendritic cell encounters a virus or some other danger-
ous germ, it carries a unique fragment of the interloper, called 

an antigen, into one of a number of lymph nodes distributed 
throughout the body. “I wanted to study what goes on in the 
lymph nodes to understand the rules of this immune surveil-
lance,” Von Andrian says.

Beginning in 1994, Von Andrian employed increasingly pow-
erful imaging techniques to track cellular traffic in and out of 
the lymph compartments in studies of mice. He and his col-
leagues were able to see the dendritic cells, like relay racers 
exchanging a baton, pass along the antigen identity of a threat-
ening pathogen to other immune system constituents called 
T cells. Once activated, the T cells launched a barrage of disease-
fighting mechanisms, including antibodies, against the unwel-
come invader.

About 10 years ago Von Andrian’s team was able to track the 
way that dendritic cells not only start immune system wars but 
also stop them. The researchers were looking at how rapamycin, 
a drug that can suppress immune activity, does so through the 
action of dendritic cells. They combined rapamycin with anti-
gen from cells of healthy tissue, and the pairing was taken up, 
as usual, by dendritic cells. But this time the cells became 
“tolerogenic” instead of actively campaigning against maraud-
ers. They induced T  cells that were not activated but actually 
heightened tolerance by preventing the formation of antibodies. 

These T cells could also suppress other immune system activity 
that can lead to tissue-damaging inflammation. 

Because of this dual dendritic nature, Von Andrian thought 
that if he could figure out a reliable way to spark the cells’ pro-
tective action, that process could suppress the hyperactive im -
mune responses underlying autoimmune diseases such as rheu-
matoid arthritis, multiple sclerosis or type  1 diabetes. These ail-
ments all result from the immune system mistakenly assaulting 
healthy tissue, much in the way ADAs fight off biologics.

Although Von Andrian did not know it at the time, a possible 
method to communicate with dendritic cells—to switch an im -
mune response on or off—was being developed by researchers at 
the nearby Massachusetts Institute of Technology. In the lab of 
bioengineer Robert Langer, scientists were designing nanome-
ter-scale biodegradable particles, about as small as a virus, that 
could be constructed to ferry anticancer agents through the 
bloodstream to the site of a tumor. Those particles became the 
seeds of Selecta technology.

Von Andrian—who had been asked by some of the scientists 
to consult about a venture to commercialize the particles—real-
ized that the nanoparticles, composed of a soluble polymer 

called poly(lactic- co- glycolic) acid, most 
likely could be constructed to contain an 
antigen signature and ferry it to dendritic 
cells inside lymph nodes. But it was Kishi-
moto who hit on a new way this ferrying 
action could be used. “It struck me that 
[nanoparticles] could be used to prevent 
ADAs,” he recalls. 

A VACCINE APPROACH
the scientists  had already formed Selecta 
and were working on synthetic vaccine 
particles, or SVPs. Kishimoto’s idea was to 
insert a combination of rapamycin and 
the antigen of a particular biologic into 

the SVP. Once injected under the skin or into a muscle, the par-
ticles would eventually enter lymph nodes. There they would 
spur dendritic cells to generate a surge of tolerance, in the form 
of regulatory T  cells that prevented the creation of antibodies 
against whatever drug that the company researchers combined 
with the nanoparticle. 

Selecta tested the concept by tackling the hemophilia anti-
body problem. Researchers administered nanoparticles con-
taining rapamycin and a Factor VIII antigen to mice that lacked 
the blood-clotting factor. And they gave the mice Factor VIII. 
The treatment cut down the number of Factor VIII antibodies 
after 10 weekly treatments, according to a 2015 paper in the 
 Proceedings of the National Academy of Sciences USA.  (At pres-
ent, the company is partnering with investigators who are 
developing a gene therapy for clotting that will be delivered 
with a nanoparticle.) 

Satisfied that the SVP approach was worthwhile, Selecta is 
now aiming it at gout, a particularly painful type of arthritis 
that if untreated can eat away at bone and joint tissue. About 
eight million people in the U.S. have the condition, which is 
caused when uric acid builds to very high levels in the blood 
and forms crystals. It can damage blood vessels and kidneys, 
and severe cases can be fatal. 

IF AN ANTAGONISTIC IMMUNE 
RESPONSE CANNOT BE TAMED, 
ANOTHER IDEA IS TO DESIGN 
MOLECULES THAT DO NOT SET OFF 
THE RESPONSE IN THE FIRST PLACE.
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There is a biologic gout treatment, a synthetic version of a 
crystal-degrading enzyme called uricase that is found in many 
mammals. People, however, do not make uricase. As a result, the 
hu  man immune system perceives the enzyme as foreign. Just 
more than 40  percent of those treated with uricase generate 
ADAs that neutralize the drug’s action.

The SVP therapy works similarly to the Factor VIII experi-
ment. The nanoparticles contain the synthetic uricase, along 
with rapamycin, and head for dendritic cells to make peace. An 
early study in gout patients reported in the summer of 2017 that 
the treatment, administered once a month, reduced blood levels 
of uric acid to almost zero without inducing antibodies. “It’s an 
exciting approach,” says David  W. Scott, an immunologist at 
Uniformed Services University. “It’s especially important be -
cause it works by activating the immune system’s own immune-
suppressing process.” 

With a colleague, Scott is working on a way to avoid ADAs by 
genetically engineering regulatory T cells to protect a protein-
based drug. In one experiment reported last year, these lab-
designed T cells prevented antibodies against Factor VIII in 
healthy donor blood samples as well as in hemophilia-bred mice. 
A commercial product, though, is probably years off, Scott says.

REJECTING REJECTION 
if an antagonistic  immune response cannot be tamed, another 
idea about tolerance is to design biologic molecules that do not 
set the response off in the first place. Hemophilia, again, is a tar-
get disease for this approach. Alnylam Pharmaceuticals in Cam-
bridge, Mass., is developing a hemophilia medicine based on 
RNA interference, or RNAi, a discovery that garnered a Nobel 
Prize in medicine in 2006. The scientists who found it, Craig 
Mello of the University of Massachusetts Medical School and 
Andrew Fire of the Stanford University School of Medicine, 
learned that by injecting small molecules of double-stranded 
RNA, they could interfere with the longer RNA molecules that a 
cell sends to carry production orders to its protein factories. As 
a result, the cell stopped making certain proteins. 

One of Alnylam’s first drugs is Fitusiran, a lab-made chemi-
cal that mimics the action of an RNAi molecule. What Fitusir-
an interferes with is a protein that shuts off another key blood-
clotting protein called thrombin. Knocking out the first protein 
means more thrombin is available in the body, which means 
more clotting and less hemophilia-driven bleeding. In July 
2017 in the  New England Journal of Medicine,  Alnylam scien-
tists re  ported that a once-monthly injection of the drug re -
duced bleeding events during a 20-month trial in 25 patients 
with hemophilia. 

The immunological value of RNAi as a drug is that unlike 
proteins, RNA-based medicines generally do not elicit antidrug 
antibodies, says Akin Akinc, who runs Alnylam’s Fitusiran proj-
ect. And if a larger study proves successful, the therapy may be 
available by 2020. Alnylam is also making an RNAi molecule 
that hits the same target as Pfizer’s troubled anticholesterol 
drug—the one abandoned because of frequent ADA responses—
but does not trigger an antibody attack. 

Antibodies can do more than attack invaders, and their other 
abilities hold different solutions to the drug problems they cre-
ate. For instance, they can bind two proteins together. Scientists 
at Japanese drug company Chugai began taking advantage of 

this in another attempt to treat hemophilia, in this case to side-
step Factor VIII and all its problems. Factor VIII gets a lot of 
attention in hemophilia treatment design be  cause it is an essen-
tial link in a chemical chain reaction called the coagulation cas-
cade. It makes two other proteins—Factors IX and X—bind to -
gether, a key step in forming a clot. But of course, it also can 
attract destructive antibodies. 

The researchers designed a synthetic humanlike antibody 
that acts like a chemical bridge, tying together Factors IX and X 
and thereby eliminating the need for Factor VIII. In this incar-
nation as a drug, the antibody is called emicizumab. In two clin-
ical trials reported last year, it was administered once weekly to 
prevent bleeding episodes in hemophilia patients who had gen-
erated antibodies to Factor VIII. In adults, the drug reduced 
bleeding events by 87  percent. Antibodies against emicizumab 
did arise in a small number of patients, but those ADAs appar-
ently did not interfere with the drug’s effectiveness, says Gallia 
Levy of biotech company Genentech, which began developing 
the drug with Chugai after Roche bought both companies. The 
therapy is not perfect: some patients developed unintended 
clots, and one died from a bleeding event unrelated to the med-
icine. Even so, the fda gave the drug a priority review and 
approved it in November 2017. 

 “It’s a potential game changer,” says Michael Callaghan, a 
hematologist at DMC Harper University Hospital and Chil-
dren’s Hospital of Michigan, who treats several patients en -
rolled in emicizumab trials. (Callaghan receives a fee from 
Genentech to discuss the drug with other doctors.) One of his 
patients is Ken Martin. “Mr. Martin has had a very long and 
challenging struggle,” Callaghan says. “For him the drug has 
been life-altering.” 

Martin agrees. For several years he has kept a log document-
ing his bleeds. Before joining an emicizumab trial in July 2016, 
Martin says he had an average of 46 bleeding episodes a year. 
Since starting the drug, he has had only three. He still hurts, 
though. The years of blood pooling in his joints, along with in -
flammation, have left him with severe arthritis in his knees, 
ankles, elbows and shoulders. He hopes that if patients prone to 
ADAs start the drug when they are younger, they might avoid 
such problems. That has not yet been tested. But even at this late 
stage, Martin is happy to have found a remedy his body can live 
with. “I’m pretty fortunate,” he says. 
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Isolation from others can lead to a range of illnesses and  
even premature death. New science is probing causes  
and solutions to the problem of social disconnection 

By Francine Russo 
Illustration by Bryan Christie Design

The Toxic Well of

I N  B R I E F

Evidence  from numerous studies in fields as diverse 
as epidemiology and psychology has begun to link 
loneliness to a vulnerability to a host of psychologi-
cal and physical ills, ranging from depression and 
cognitive decline to cardiovascular problems.  

Research  into loneliness has focused on the young, 
the old and those of any age with a negative self-
outlook. Children may often experience it because 
of inadequate social skills. The elderly may be lonely 
because of a loss of loved ones. 

Interventions to allay  gnawing feelings of solitude 
have succeeded when they diminish negative 
thoughts for all age groups. For the elderly, mindful-
ness meditation, learning how to Skype and even 
proximity to a robot pet have also helped. 
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C
Over the years Aulenbacher has grown and changed in many 

ways, but the loneliness remains. Recently she spoke at a semi-
nar. “I arrived alone. I went to lunch alone,” she reports. “No 
one in  vited me, and I didn’t try to belong. Should I have? Yes.” 

“You learn to move through the world and reach out,” she 
says through tears, “but loneliness stinks.” 

Loneliness like Aulenbacher’s, which may seem to be the 
ordinary stuff of life and literature, has been attracting a tor-
rent of scientific inquiry. From psychology to epidemiology to 
evolutionary biology, researchers have been probing the nature 
of different types of loneliness, their biological mechanisms and 
their effects on mind and body. 

Growing evidence has linked loneliness to a marked vulner-
ability to a host of psychological and physiological ills, from 
de pression and cognitive decline to heart problems and stroke. 
A 2015 meta-analysis (combining studies between 1980 and 
2014) by psychologist Julianne Holt-Lunstad of Brigham Young 
University and her colleagues found that loneliness, social isola-
tion and living alone—even more so than obesity—were all asso-
ciated with a higher chance of early death. Reviewing the avail-
able evidence in 2017, Holt-Lunstad and her colleagues conclud-
ed that insufficient social connection, stemming not only from 
feelings of loneliness but also from isolation and poor-quality 
relationships, is a major public health concern. 

How lonely are we exactly? Some scholars such as Holt-Lunstad 
cite indicators that social isolation, which can cause loneliness, is 
rising: more individuals living alone, falling marriage rates, fewer 
children, de  clining volunteerism and fewer Americans reporting a 
religious affiliation. In a 2006 study by researchers at Duke Univer-
sity and the University of Arizona, the number of Americans who 
said they had no close confidants tripled from 1985 to 2004. But 

other statistics depict a different picture. 
The subjective feelings of loneliness 
among adults, says sociologist Keming 
Yang of Durham University in England, 
who has analyzed European data from 
2006 to 2014, are “quite stable” at about 
7  to 10  percent. For the U.K., he says, it 
“is pretty stable at 5 to 6 percent.” 

Whether or not loneliness is grow-
ing—and that depends partly on what is 
being measured—the link to health 
problems has awakened a desire world-
wide to find ways to reduce it. In 2011 
Crown Princess Mary of Denmark 
launched a national effort to diminish 

loneliness. In the U.S., AARP is funding several loneliness-reduc-
tion efforts for older people. Age UK, a group similar to AARP, and 
other organizations unleashed the Campaign to End Loneliness 
in 2011, researching interventions for loneliness. In 2016 the BBC 
documentary The Age of Loneliness trumpeted the “loneliness epi-
demic” and helped to make the topic a national priority. “The 
message has gone out,” says Brunel University London gerontolo-
gist Christina Victor. “If only you’d all go round and visit your 
granny, she wouldn’t have to go to hospital.” 

 WHAT IS IT EXACTLY? 
We have all felt “lonely”  at some point, but for most of us, that 
feeling depends on our situation and how we look at it. Lone-
liness is defined as perceived social isolation and the experi-
ence of being cut off from others. Among the majority of suffer-
ers, it can change as our status shifts: when finding new 
friends, for example, or perhaps beginning a new romantic 
relationship. People whom researchers define as “chronically 
lonely” experience profound loneliness over long periods, 
despite changing circumstances. 

What they feel is not the same as depression, social anxiety 
or shyness, although these conditions often overlap with chron-
ic loneliness. According to psychologist Ken Rotenberg of Keele 
University in England, studies show that chronically lonely peo-
ple are more likely than others to show dysfunctional styles of 
processing social information (hypervigilance for social 
threats), psychological problems (depression) and interperson-
al maladjustment (social withdrawal). 

Social isolation, which can cause loneliness, can be measured 
objectively by factors such as living alone and having few affilia-
tions or neighbors. Some who are socially isolated may feel per-

Francine Russo  is a veteran journalist, specializing in psychology 
and behavior. She is also a speaker and author of  They’re Your 
Parents, Too! How Siblings Can Survive Their Parents’ Aging Without 
Driving Each Other Crazy  (Bantam, 2010). 

Carrie aulenbaCher greW up painfully lonely in rural 
Pennsylvania. Despite having a loving husband and friends, 
the 39-year-old administrative assistant and writer in Erie still 
battles her sense of aloneness. 

In high school, she had feared approaching a group of girls. 
She felt she would not know what to say—and maybe they 
would turn on her. She constantly questions and judges herself. 
“Am I purposely making myself lonely by projecting things 
I  don’t realize?” she asks. “Am I trying so hard I’m pushing 
people away?” 
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fectly content. Others who are not at all isolated by ob  jective 
standards—consider a married person with many friends—may 
feel profoundly lonely. Both loneliness and social isolation have 
been correlated with heightened health risks, albeit probably for 
different reasons. Loneliness may also be associated with physio-
logical responses that affect health. For socially isolated people 
who do not feel lonely, Holt-Lunstad says, “there may be no one 
to remind you to take your medicine, no one to call 911.” 

The data on how many people experience both social isola-
tion and loneliness and whether this subgroup faces the great-
est risk are complex. The overlap is hard to pin down. 

Part of the problem in the scientific literature is that the 
standard tools for measuring loneliness do not necessarily 
gauge the same things. Often used in large European surveys, 
the De Jong Gierveld Loneliness Scale measures both loneliness 
and social isolation but not their duration. It simply asks peo-
ple to answer “yes!” “yes,” “more or less,” “no” and “no!” to such 
statements as “I miss having a really close friend” and “There 
are many people I can trust completely.” 

The most commonly used measure of loneliness, the Revised 
UCLA Loneliness Scale, assesses individuals’ perceived dissatis-
faction with the quality or quantity of their relationships. People 
rate, for example, how often they feel close to others, lack com-
panionship, or feel shy or alone. The measures are primarily cog-
nitive—examining self-perception and other factors rather than 
delving into the actual feeling of loneliness. For some, Roten-
berg says, “the emotional experience of loneliness, when your 
gut is in a knot, can be quite brutal and undermine mental 
health if it persists.” 

 CLASSIC RESEARCH 
SinCe the mid-20th Century  psychologists have focused on lone-
liness as separate from depression or other psychic ills—often 
proposing theories that have since been left aside. In a 1959 arti-
cle entitled “Loneliness,” German psychoanalyst Frieda Fromm- 
Reichmann referred to its “naked horror” and theorized that it 
arose from premature weaning. In the 1970s and 1980s, as 
research intensified, some scholars hypothesized that the prima-
ry cause was not being fully part of an accepting social network 
or community. Others focused on cognition, the negative and 
unrealistic way that lonely people see themselves and others. 

University of Chicago neuroscientist John Cacioppo has 
more recently proposed an influential theory, positing that 
loneliness serves an evolutionary function. When people see 
themselves as excluded from a social group, they feel less safe 
from threats—individuals perceived as enemies, for instance. 

In  Cacioppo’s evolutionary theory,  the pain of loneliness 
triggers both a motivation to connect to others, known as the 
reaffiliation motive (RAM), and a hypervigilance to social 
threats, along with neural changes that increase physical stress. 
These traits are not unique to humans and function as a surviv-
al mechanism.

In everyday life, explains psychologist Pamela Qualter of the 
University of Central Lancashire in England, people will be -
come quiet or withdraw as a way of observing the social world 
and will try to work out ways to reconnect. “Let’s say I’m at a 
party,” she says, “and I don’t know anyone well. I’m feeling un -
sure and lonely. I’d observe [the situation] and try to identify 
people I might connect with and people I might want to avoid.” 

Stephanie Cacioppo, a University of Chicago neuroscientist 
who researches loneliness with her husband, John Cacioppo, 
explains that people will find a way to connect, and the adjust-
ments triggered by loneliness are reversed. But when efforts to 
repair or form new social connections repeatedly fail, people 
may stay in a hyperalert mode that stresses the body and brain. 
Such a person’s mind, Stephanie Cacioppo says, is always on the 
lookout, searching for threats before they face harm. But this 
response is often counterproductive because of the difficulty of 
differentiating a real threat from an ambiguous social cue. 

 HOW LONELY? 
people tend to be more vulnerable  to loneliness, it turns out, at 
certain times of life—and this understanding has focused 
research. Increasingly, scientists are looking at two age groups 
of the lonely: the young (under 30) and the old (over 60). 

The need to channel efforts at both ends of the age spectrum 
emerges from various findings. In looking at 2,393 British sub-
jects aged 15 to 97, Brunel’s Victor and Durham’s Yang reported 
in 2012 that the highest levels of loneliness occurred before age 
25 and after age 65. Similarly, a large German population study 
published in 2016 by psychologists Maike Luhmann, then at the 
University of Cologne in Germany, and Louise C. Hawkley of the 
University of Chicago found that the loneliest groups were 
younger than 30 and older than 80 [see box above].

These reports of people’s feelings, Luhmann and Hawkley 
speculate, are influenced by what is perceived as “normal” at each 

Age Matters 
Loneliness rises temporarily  around ages 30 and 60—and again 
for the oldest old ( orange line ). When the researchers adjusted 
the data for number of friends, marital status and other social 
variables ( blue line ), the ups and downs of loneliness remained 
unchanged from the measured observations until late old age, 
when they increased less dramatically. The precision of estimates 
lessens for the very old, as witnessed by the widening of the tint-
ed regions (confidence intervals), suggesting that the degree 
of loneliness may vary from person to person for that group. 
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life stage. Study after study, for example, has found that being 
married or cohabiting protects against loneliness, but that factor 
may have less impact on young people who do not yet expect to be 
married and may be less critical to the very old, for whom widow-
hood is common. Being employed can make a crucial difference 
for adults in midlife but less so for older people who have chosen 
to re  tire. Meanwhile certain fairly predictable factors—social en -
gagement, number of friends and frequency of contacts—appear 
to be universal predictors of loneliness at any age. 

 WHY ARE CHILDREN LONELY? 
a major emphaSiS  of research spotlights children and adoles-
cents because of the lingering effect that loneliness can have 
throughout a lifetime. Studies have shown that it can lead to 
depression, and lonely children are at an increased risk of 
becoming lonely and depressed adolescents and adults. A 2010 
British study of nearly 300 children ages five to 13 found that 
lonely children were likelier to be depressed as adolescents. 

Some children in the study were lonely in relationships with 
their parents, others in relationships with their peers. The work 
of Marlies Maes of KU Leuven in Belgium and her colleagues 

shows that adolescents who felt lonely with their peers but not 
with their parents were seen as more shy and were likelier to be 
identified as victims of bullying. 

Some kids are lonely because they have inadequate social 
skills. In a 2016 study, 1,342 adolescents rated themselves and 
their classmates on how well they dealt with others. By compar-
ing the subjects’ self-evaluations with those of their classmates, 
says lead author and behavioral scientist Gerine M. A. Lodder of 
the University of Groningen in the Netherlands, the researchers 
found that lonely children fell into two groups. The ones whose 
classmates agreed that they had poor social skills very likely did, 
but they might still be capable of change. Relationships entail 
different social tasks, says Duke developmental psychologist 
Steven R. Asher. They include taking the initiative to make 
social contacts, being a reliable partner and resolving conflicts. 
Although some children are worse than others at handling 
these tasks, kids can potentially learn to improve their interac-
tions and become less lonely. 

The other group in Lodder’s study had a pervasive negative 
view of themselves, their social environment and their social 
relations—and at times might need a different approach. “There 
is no one-size-fits-all solution,” Lodder says. 

Many intensely lonely kids have fine social skills. Qualter 
has observed a group of children ranging from ages eight 
through 14 in their dealings on the playground and in other 
interactions. The loneliest of them, she says, behave much like 
other children but interpret their interactions differently. 

She has found the same with college students. With a best 
friend, lonely students appear to behave just like everyone else. 
But afterward, Qualter explains, they say, “I talk too much” or 
“too little. ” On average, they underestimate their performance. 

Findings from these studies with children and adolescents 
fit with John Cacioppo’s model of faulty RAM and intense 
hypervigilance. The research indicates that severely lonely chil-
dren and young adults respond differently to images and situa-
tions of social inclusion and exclusion. 

A 2015 study of 730 adolescents by developmental psycholo-
gist Janne Vanhalst of KU Leuven and her colleagues suggested 
that chronically lonely adolescents may stay lonely because of 
their negative interpretations of social situations. Testing them 
annually over four years, the in  vestigators found that those who 
stayed lonely responded more negatively to scenarios describ-
ing social exclusion, such as not be  ing invited to a new lunch 

place. Strikingly, they also 
re sponded less en  thusiastically 
to scenarios describing being 
included, such as be  ing invited 
to a party. They were more likely 
to attribute the invitation to 
coincidence than to being lik-
able. “Not taking as much plea-
sure in being included, as well as 
getting more upset about being 
excluded, is a kind of double 
whammy,” says Asher, a co-au-
thor of the study. 

One idea in the search for the 
roots of loneliness in the young 
holds that low trust issues cause 

or maintain loneliness. In 2010 studies by Rotenberg and his col-
leagues of children in age groups of five to seven, nine to 11, and 
18 to 21 who had diminished trust exhibited increases in loneli-
ness in each age group over time. 

In one of the studies, the researchers asked young adults to 
learn a series of “trusting” or “distrusting” words (“loyal” versus 
“dishonest,” for example) before having an interaction with an -
other person that was carefully structured by the researchers. 
Those “primed” for trust were likelier to pick more intimate 
topics to discuss and to report that they “hit it off” with the oth-
er person. 

 DIFFERENT IN THE OLD 
do all the leSSonS  from studying young people apply to later life? 
Probably not. The elderly are not in fact really lonely, says Victor, 
who has done stereotype-busting research on the old. Yet, she 
says, “in Britain, it’s seen as normal for aging people to be lonely.” 

In a study conducted in 2000 and 2008 with almost 1,000 peo-
ple older than 65, she and her colleague found that 9  percent 
reported severe loneliness. Of the individuals in the study, 30 per-
cent said they were sometimes lonely, and an impressive 61 per-
cent reported they were never lonely. Greater levels of loneliness, 

Chronically lonely adolescents 
may be unable to set aside feeling 
solitary in scenarios in which they 
are included in group activities, 
such as being invited to lunch. 
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Victor notes, were linked to life changes: losing a partner or hav-
ing impaired physical health. Victor and her colleague also found, 
in a 2015 study, that contrary to popular belief, the loneliest time 
for older people was not Christmas but summer, when family 
routines change. She says she had thought of calling the study 
“No One Invites Granny to the Beach.” 

SOLITUDE REDUCTION 
aS the SCientifiC ConSenSuS  has grown that loneliness and so  cial 
isolation are linked to physical and emotional decline, re -
searchers have tested an array of remedies. In 2011 internist 
Christopher Masi, then working with John Cacioppo at Chicago 
and now at NorthShore University HealthSystem and other 
researchers, analyzed 20 well-de  signed loneliness interventions 
out of a total of 50 studies published between 1970 and 2009. 
They fell into four main categories: improving lonely people’s 
social skills, increasing social support, encouraging interactions 
with other people, and providing cognitive-behavioral therapy 
(CBT), a form of talk therapy that tries to dispel or reframe nega-
tive interpretations of an individual’s experiences. “On average,” 
Masi says, “for all 20, the overall effect was reducing loneliness.” 
But the intervention that really stood out, he reports, was CBT. 

Given that lonely children become lonely (and depressed) 
adolescents and adults, you might think that scientists would be 
focusing their intervention efforts on the youngest sufferers. Alas, 
Groningen’s Lodder says, “for kids, there’s not much out there.” 

The barriers to helping children are clear to Ami Rokach, a 
clinical psychologist who teaches at York University in Toronto. 
In his private practice, he treats chronically lonely adults using 
CBT. For teenagers as young as 16, he uses a variety of approach-
es, and CBT is frequently one part of the therapy. “CBT works 
for them,” he says, “if I can get their parents onboard. It’s very 
difficult if they go home and get the message that they’re unlik-
able or that you can’t trust people.” 

The other end of the age spectrum has witnessed a burst of 
innovation. Mindfulness training, robot pets and teaching the 
elderly how to use Skype have all been tried. Pairing elderly 
people with similar-aged volunteers for a series of visits, reports 
Trinity College Dublin psychiatrist Brian Lawlor, showed some 
effectiveness in reducing loneliness. But interventions that in -
clude CBT have shown more impressive gains. 

A 2016 study by West Virginia University gerontological 
nursing professor Laurie Theeke and her colleagues, for exam-
ple, dem onstrated the effectiveness of CBT. The 27 lonely volun-
teers (screened with the full UCLA scale) received either five 
weeks of a structured group therapy program called LISTEN or 
heard lectures on healthy aging. 

The therapy groups, made up of three to five older men and 
women, discussed and wrote about such topics as “belonging” 
or “relationships.” They learned to revise some of their negative 
as  sumptions. An 83-year-old retired executive who had felt use-
less heard from the others that his skills as a businessperson 
could still be used; afterward, he created a newsletter for 
seniors in his building. A 65-year-old woman who felt no man 
would enjoy her company heard from men in her group that 
they did like being with her. 

Twelve weeks after the program the LISTEN participants 
had reduced loneliness levels—“almost to the nonlonely range,” 
Theeke says—and they also experienced enhanced social sup-

port and decreased systolic blood pressure. The control group 
reported decreased functional ability and quality of  life. 

The LISTEN participants admitted, both to themselves and 
to others, that they were lonely. Not all lonely people can do this. 
Some of the best interventions, Victor says, do not tackle loneli-
ness head on but the underlying circumstances. If people’s 
health keeps them indoors, she suggests, walking groups should 
be created. If they lack transit, it should be provided. She recalls 
a shopping service her mother used that took a group of elderly 
women to the market weekly. They began exchanging phone 
numbers and making friends. “They would not have dreamed of 
talking to one another in the street,” Victor says. 

Many people, experts say, worry that if they acknowledge 
being lonely, others will think there is something wrong with 
them. Public campaigns to bring loneliness to the attention of 
others may help, so may exploding myths about loneliness, es -
pecially for older people. 

The myth that it is typical for old people to be lonely, Victor 
says, can itself be harmful. In 2016 she and her colleagues re -
ported on a study of people older than 50. When initially tested, 
those who expected to be lonely were in fact likelier to be lone-
ly eight years later than those who did not. 

 THE FUTURE OF LONELINESS RESEARCH 
the more SCientiStS learn  about loneliness, the better they are 
able to identify groups at risk because of specific issues. A 2016 
Danish population-based study by psychologist Mathias Las-
gaard of DEFACTUM and the University of Southern Denmark 
and his colleagues, for example, identified certain high-risk 
groups, including those who are ethnic minorities, unemployed, 
on disability, suffering from a long-term mental illness and liv-
ing alone. Interventions might be developed specifically for 
these groups. 

For chronically lonely people, CBT remains the treatment of 
choice, but drug therapy with allopregnanolone, a neuro ster oid, 
is showing promise in animal studies in reducing perceived 
social isolation and may eventually become a useful ad  junct to 
CBT, Chicago’s Stephanie Cacioppo says. New ap  proaches for 
the loneliness of the old continue to proliferate. 

The biggest challenge is alleviating the plight of chronically 
lonely children. It may be eventually possible to craft interven-
tions, York’s Rokach says. “It is doable, but it takes work and 
dedication by both teachers and parents. Many are not enlight-
ened. They tell the kids, ‘Just go out and play.’ ” 

M O R E T O E X P L O R E

Trajectories of Loneliness During Childhood and Adolescence: Predictors  
and Health Outcomes.  P. Qualter et al. in  Journal of Adolescence,  Vol. 36, No. 6,  
pages 1283–1293; December 2013. 

Age Differences in Loneliness from Late Adolescence to Oldest Old Age.   
Maike Luhmann and Louise C. Hawkley in  Developmental Psychology,  Vol. 52,  
No. 6, pages 943–959; June 2016. 

Loneliness in Early Adolescence: Friendship Quantity, Friendship Quality, and 
Dyadic Processes.  Gerine M. A. Lodder et al. in  Journal of Clinical Child & Adolescent 
Psychology,  Vol. 46, No. 5, pages 709–720; 2017.
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s c i e n t i f i c a m e r i c a n . c o m /m a g a z i n e /s a

© 2017 Scientific American© 2017 Scientific American

https://www.scientificamerican.com/article/loneliness-may-lead-to-serious-illness/
http://www.scientificamerican.com/magazine/sa


70 Scientific American, January 2018

New fossil analyses and insights from evolutionary developmental  
biology elucidate the long-sought origin of serpents 

By Hongyu Yi 
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Chinese riddle invites one to guess the identity of runners without a leg, swimmers 
without a flipper, gliders without a wing. The answer, of course, is snakes. Today 
more than 3,000 species share a long, limbless body that can negotiate land, water 
and even the air between trees. Their ancient ancestors, however, had limbs of vari-
ous shapes. How, scientists have wondered, did snakes lose their legs? 

Special forms of appendages are often tied to certain habitats. Whales evolved flip-
pers as adaptations to the aquatic realm. Birds evolved wings as they transitioned to life in the air. 
But for decades evolutionary biologists have struggled to ascertain what kind of environment 
helped to forge the distinctive body plan of snakes, in part because today’s snakes are so wide-
spread and because the fossil record of early snakes is sparse. Debate has centered on two com-
peting hypotheses. One holds that snakes lost their legs on land while adapting to subterranean 
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 environments; the other posits that snakes evolved their telltale 
traits in the sea. Both these settings favor a streamlined body. 

If only we could travel back in time to the Cretaceous period, 
between 145 million and 66 million years ago, when snakes got 
their start. Then we could observe ancestral snakes in their actu-
al habitats and see whether they excelled at burrowing or swim-
ming. In reality, we have only their fossilized remains to go on, 
and it can be difficult to reconstruct the ecology of an animal 
and how it behaved based on its bones alone, particularly when 
they are damaged or fragmentary, as fossils often are. 

Over the past 10 years, however, advances in imaging tech-
nology have enabled scientists to break through previous limits 
in understanding snake origins. High-energy x-ray imaging of 
fossil skulls has revealed hidden features that hint at the ecolo-
gy of ancient snakes. Meanwhile studies of developmental biol-
ogy have elucidated the genetic mechanisms underlying the loss 
of limbs, as well as the gain of vertebrae. 

Our knowledge is far from complete. But these insights are at 
last allowing scientists to start piecing together the long-stand-
ing puzzle of how snakes underwent their extraordinary evolu-
tionary transformation. 

EVOLUTIONARY EXPERIMENTS
snakes did not lose  functional limbs in one fell swoop. The fos-
sil record indicates that the first snake with no legs,  Di  nil ys ia 
patagonica,  emerged about 85 million years ago during the Late 
Cretaceous period, when dinosaurs reigned supreme. Research-
ers re  covered the remarkably well-preserved remains of  Di  nil
ys ia  from rust-colored sandstones on the Patagonia plateau. 
The al  most complete skeleton of this animal, which was about 
as long as a human adult, shows that not only did it not have 
legs, but it also lacked the shoulder or pelvic girdles to support 
such appendages. Because the fossil was found in terrestrial sed-
imentary de  posits, we know it lived on land. 

Yet other snakes from this time period retained legs.  Na  jash 
rionegrina,  a roughly 92-million-year-old terrestrial snake from 
Argentina that was only as long as a strand of spaghetti, pos-
sessed a pair of tiny hind limbs composed of bony elements 
from the hip to the ankle.  Na  jash’ s limbs were far too small and 
delicate to bear the animal’s weight. Instead they may have 
functioned as claspers during mating. 

Other Late Cretaceous snakes with legs lived in the ocean. 
Fossils from marine deposits near what is now Jerusalem reveal 
sea snakes that swam among sharks. Two such creatures,  Pach y
rhach is  and  Haasiophis,  display almost complete hind limbs 
made up of bones from the thigh, shin and foot. The function of 
these legs remains unclear. Both  Pach y rhach is  and  Haasiophis 
 lack a pelvic girdle to attach the leg to the trunk of the body, so 
their legs would have been of little use for swimming.

All told, these fossils indicate that by the Late Cretaceous 
snake evolution was already well under way. The long, sinuous 
body with highly reduced limbs was established, and snakes 

were undergoing an adaptive radiation, rapidly diversifying into 
a multitude of forms that could exploit a variety of ecological 
niches. To probe the origin of the snake’s characteristic body 
plan, then, scientists need to look to even older fossils. 

Until recently, researchers had few snake fossils predating 
the Late Cretaceous to study. But over the past five years several 
new candidates from the Early Cretaceous and the even earlier 
Jurassic period have come to light. The remains, which hail from 
terrestrial deposits in Europe and the U.S., are quite fragmen-
tary and do not reveal much about the body proportions of these 
animals. If they are in fact snakes, however, these specimens 
would extend the fossil record of this group by another 70  mil-
lion years and show that the oldest known members were small 
and lived on land, not in the sea. 

Still, the mounting fossil evidence pointing to a terrestrial ori-
gin for snakes did not address the question of why they evolved a 
streamlined body. A subterranean way of life would benefit from 
limb reduction. Modern burrowing snakes and lizards simply 
push their head through soft earth to tunnel underground—legs 
would only get in the way. But establishing that any given fossil 
snake actually did burrow underground is tricky. The Jurassic 
and Early Cretaceous fossils are too scrappy to even guess their 
behavior.  Na  jash  might have been a burrower, judging from its 
short tail, which resembles those of living snakes that burrow. 
For its part,  Di  nil ys ia,  the earliest known snake to lack legs alto-
gether, was much larger than modern burrowing reptiles. Could 
it have burrowed anyway? I decided to find out. 

CLUES IN THE EAR 
on Christmas day 2014,  I flew from Buenos Aires to New York City, 
carrying skulls of  Di  nil ys ia  with me in a shoebox. It had taken 
almost a year for my Argentine colleagues and me to prepare 
the paperwork needed to borrow the specimens for computed 
tomographic scanning in the U.S.—all so that we could study the 
animal’s ear. 

Why the ear? Working with Mark A. Norell at the American 
Mu  seum of Natural History, I had developed a method to distin-
guish modern burrowing snakes from marine species based on 
that anatomical region, and we wanted to try it on  Di  nil ys ia.

Using a state-of-the-art imaging technique, we had obtained 
high-resolution x-ray images of the skulls of dozens of modern-day 
snakes and lizards. We then stacked these images to create three-
dimensional virtual models of their inner ears. We focused on a 
structure called the vestibule, which holds lymphatic fluid and the 

Hongyu Yi  is an associate research professor at the Chinese 
Academy of Sci ences’ Institute of Vertebrate Paleontology  
and Paleoanthro pology in Beijing. She studies the evolution  
of sensory organs to understand how adaptation to certain 
environments has shaped reptiles. 

I N  B R I E F 

The snake body plan  represents a radical departure 
from the vertebrate norm. Researchers have long 
wondered how snakes evolved their extreme traits. 

New fossil analyses  have illuminated the roles 
that environment and behavior play in shaping  
the snake form. 

Evolutionary developmental biology  studies have 
revealed some of the genetic mechanisms underly-
ing limb loss and other aspects of snake evolution. 
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so-called ear stones that aid in sensing gravity and movement. 
Statistical shape analyses of the virtual models revealed sig-

nificant differences in the vestibules of burrowing specialists, 
terrestrial generalists and aquatic forms. In marine snakes and 
lizards, the vestibule has shrunk to nearly nothing. In burrowers, 
however—particularly those that do their own digging, as 
opposed to taking another animal’s burrow for shelter—the ves-
tibule has blown up like a balloon, en  abling better hearing 
underground. This trend holds true regardless of the size and 
limb structure of the burrower: we observed vestibular expan-
sion in a three-foot sand boa and a 10-inch Asian pipe snake, as 
well as in the bizarre burrowing lizard  Bipes,  which has a pair of 
front limbs but no hind limbs.

I had reason to suspect that  Di  nil ys ia  would align 
with the burrowers: a study published in 2012 pre-
sented an x-ray image of its skull, in which a large ves-
tibule was visible. But no one knew what the vestibule 
looked like in three dimensions. I was confident that 
subjecting the fossil to our method would settle the 
question of this ancient snake’s locomotor behavior. 

Our study confirmed that  Di  nil ys ia’ s vestibule is 
indeed large, with the same balloonlike shape seen in 
today’s burrowers. In fact, it is nearly indistinguish-
able from that of the modern sunbeam snake, a large 
burrower from Southeast Asia that eats mainly small 
rodents and smaller snakes. Our model predicted  Di 
nil ys ia  to be a burrower with nearly 95 percent prob-
ability. We speculate that it lived much like the sun-
beam snake, hunting on the ground surface and dig-
ging into loose soil for shelter. 

When mapped onto an evolutionary tree, these 
findings illuminate the role of habitat shift in the 
transition from lizard to snakes.  Di  nil ys ia  was not 
among the first lineages to split off from lizards. In -
stead it is closely related to the ancestor of today’s 
snakes—more advanced than  Na  jash,  with its func-
tional hind limbs, but more ancestral than modern 
species. The revelation that  Di  nil ys ia  was a burrow-
er strengthens the hypothesis that the lineages lead-
ing to modern snakes lost their limbs while adapting 
to life underground. 

The fact that burrowing, rather than swimming, 
be  came the predominant modus operandi in the an -
cest ors of present-day snakes does not imply that in 
the Cretaceous, a group of lizards decided to live un -
de rground and gradually lost their limbs to become snakes. 
Rather evolution works in a stochastic fashion. Going subterra-
nean was one of many influential events that took place in the 
millions of years over which the unique body plan of snakes took 
shape. This new way of life probably lifted certain constraints 
on the genomes of primitive snakes that had previously been 
essential for survival. Freed from these limitations, the limbs 
and trunk could change. Hence, a wide array of limb types and 
body lengths is evident in the fossil record of snakes. 

STRETCH THE BODY 
whole-genome sequenCing  and experimental gene editing of mod-
ern snakes have further enhanced scientists’ understanding of 
snake evolution. All vertebrate species share a great number of 

genes. The dramatic differences in the body plans of creatures 
ranging from birds to fish actually stem from mutations in just a 
small portion of the genome. In theory, the evolution of the snake’s 
long, limbless body from a lizard’s short, sprawling form may have 
involved changes in just a handful of key regions of the genome. 

A closer look at the embryonic development of vertebrates 
hints at the steps needed to evolve one of the snake’s hallmark 
traits: its long spinal column, which is made up of more than 
300 vertebrae compared with 33 in humans and 65 in a typical 
lizard. The head and trunk of limbed vertebrates form from 
blocks of cells called somites. Each somite gives rise to one ver-
tebra. Som ites initially appear similar, then differentiate to cre-
ate the neck, chest, waist, hip and tail regions of the spine. 

A gene whimsically dubbed  Lunatic Fringe  helps to increase 
the number of vertebrae in snakes. It works with other so-called 
somite-generating genes to create clusters of cells at the tail end 
of the embryo. Once a certain number of cells accumulate, a 
som ite forms and moves up the body, like a bead on a string. 
Together the somite-generating genes are known as the somito-
genesis clock because they turn on and off at regular intervals to 
make the somites. The faster the clock ticks, the more somites 
are produced from the same number of cells. Céline Gomez, now 
at the Wellcome Trust Sanger Institute in England, and her col-
leagues showed that the  Lunatic Fringe  gene is expressed more 
frequently in corn snakes, whose somitogenesis clock ticks far 
faster than that of lizards.

The vertebrae are not the only bones that have gone wild in 

SKULL OF DINILYSIA (1),  the earliest known snake with no legs, had an 
en larged inner-ear vestibule, as revealed by high-resolution x-ray imaging 
(2). This trait is associated with animals that specialize in burrowing. 
Other similarly ancient snakes, including Najash, had tiny hind limbs (3).

1 2

3
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snakes. The ribs have, too. Consider the mouse and alligator, for 
example. In these creatures, only the chest (thoracic) vertebrae 
bear ribs. No ribs attach to the neck (cervical) and waist (lumbar) 
vertebrae because a gene called  Hox10  suppresses rib formation 
in these regions. In snakes, however, all the vertebrae except for 
the first three closest to the head and those in the tail bear ribs. 

Researchers have long assumed that the mouse and alligator 
are good models for what the trunk skeleton of ancestral limbed 
animals looked like, with neck and waist vertebrae that are dis-
tinct from the chest vertebrae. The conventional wisdom was 

that snakes evolved their homogenized vertebral column from 
that ancestral form, a specialization possibly associated with 
limb loss. Scientists suspected that the  Hox  genes that typically 
govern the differentiation of vertebrae in other animals had 
somehow gotten disrupted in snakes. 

A recent fossil analysis points to a different scenario. In 2015 
Jason  J. Head, then at the University of Nebraska–Lincoln, and 
P.  David Polly of Indiana University Bloomington modeled the 
evolution of the trunk skeleton in four-limbed animals, also 
known as tetrapods. First, they predicted statistically that snakes 
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Shape Shifters
The evolution of snakes from their lizard ancestors is one of the most dramatic transfor-
mations in the history of vertebrates. Recent discoveries have allowed researchers to 
start to reconstruct how the distinctive snake body plan, with its extremely long trunk 
and lack of limbs, emerged. 

Najash rionegrina  
 is a 92-million-year-old 
terrestrial snake from 
Argentina. It has a tiny  
pair of hind limbs that  
may have functioned as 
claspers during mating. 

Dinilysia patagonica,   an 85-million-year-
old burrowing snake from Argentina,   
is the earliest known snake to completely 
lack limbs. It is also the closest fossil 
relative of today’s snakes. Dinilysia 
suggests that the ancestors of modern 
snakes lost their legs while adapting to  
life underground. 

Pachyrhachis problematicus,  
 a 98-million-year-old marine snake found 
near Jerusalem,  has tiny back legs but  
no hips to support them, which means they 
would have been useless for swimming.

Advanced snakes, such as this Halys pit viper, have more 
than 300 vertebrae, almost all of which bear ribs, These 
snakes lack all the bones of the limb and pelvic girdle. 

The typical lizard, represented here by a Chinese skink,  
has 65 vertebrae and four well-developed limbs that  
splay out to the side of the body, supported by the pelvis 
and other bones of the pelvic girdle. 

© 2017 Scientific American
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actually have just as many distinct regions in the vertebral col-
umn as lizards do. The snake’s  Hox  genes may simply be directing 
subtler changes in shape to the various types of vertebrae. Second, 
the researchers determined that contrary to the conventional wis-
dom, ancestral tetrapods actually had ribs associated with most 
of the vertebrae above the hip. Fossils of ancient relatives of mam-
mals and alligators exhibit ribs attached to vertebrae of the neck 
and waist. Thus, the absence or reduction of ribs in these regions 
in modern alligators, birds and mammals evolved independently 
rather than being inherited from their ancient common ancestor. 

Looking at fossils and recent species together has revealed 
which aspect of the trunk skeleton snakes inherited from their 
limbed ancestors (the rib distribution) and which is truly unique 
(the extremely elongate body). 

DITCH THE LEGS 
reCently sCientists have made  new inroads into understanding 
the genetic mechanisms underlying limb loss. In 2016 Evgeny Z. 
Kvon of Lawrence Berkeley National Laboratory and his col-
leagues reported that they had identified a genetic “switch” for 
limb development in the snake and mouse. In their study, the re -
searchers stitched a piece of a snake gene into the genome of a 
lab mouse. What emerged from the experiment was a science-
fiction animal: a “serpentized” mouse, which had a normal 
mouse body and truncated limbs. 

The snake gene in the serpentized mouse consists of a DNA 
segment referred to as the ZRS regulatory sequence. Active ZRS 
is critical for normal hind-limb formation in a mouse, yet it 
takes only a single mutation in this gene to cause limb abnor-
mality. Because it is so important for survival, the ZRS regulato-
ry se  quence has remained mostly unchanged over the course of 
tetrapod evolution, but it is highly variable in snakes. 

The ZRS variants found in snakes are consistent with the 
morphological diversity of their limb development. Primitive 
modern snakes, including the python and boa, retain a ZRS 
limb-enhancer sequence, albeit one that is shorter than that in 
other limbed vertebrates. Correspondingly, both species possess 
rudimentary, spurlike hind limbs. In contrast, advanced ser-
pents such as the corn snake have lost the ZRS segment entirely 
and have no limb bones whatsoever. 

Finding genetic variants that align with variations in limb 
development provides new understanding of fossil snakes.  Na 
jash  preserves a pelvic girdle, femur, truncated tibia and fibula, 
but no toe bones.  Pach y rhach is  lacks toes, too.  Na  jash  and  Pach
y rhach is  indicate that in the transition from lizard to snake, 
limb-specific regulatory genes were modified yet still functional 
in several ancestral snakes. For its part,  Di  nil ys ia  had no limb 
bones or pelvic girdle at all, which marks the first complete loss 
of function in the evolution of a snake limb-enhancer sequence. 

In the last chapter of the dinosaur era—the Late Cretaceous—
snakes underwent dramatic change in their body plan and per-
haps rapid evolution in their genome. We have only just begun 
to probe the genetic basis of the traits seen in the fossil record. 
 Haasiophis  had no pelvic girdle, but it did possess a complete 
femur and well-developed tibia and fibula, along with ankle-
bones and foot bones. No living snake ex  hibits such an arrange-
ment, but its existence in the fossil record hints at the interplay 
of multiple limb-regulatory sequences similar to the ZRS in the 
ancient past. 

MISSING LINKS
new Clues to the origins  of snakes continue to surface. In 2015 
researchers led by David  M. Martill of the University of Ports-
mouth in England announced their discovery of a 120-million-
year-old four-legged snake from Brazil.  Tetrapodophis amp lect
us  had four complete limbs preserving digits and toes. The 
limbs would have been strong enough to function as claspers 
during mating. Though shorter than a chopstick from head to 
tail, this animal has more than 200 vertebrae. The creature’s 
long trunk and short tail suggest it was a burrower, supporting 
the hy  poth es is that snakes originated on land. Given its geolog-
ic age, ecology and the state of its legs,  Tetrapodophis  seems to 
have all the characteristics paleontologists have been searching 
for in their quest for transitional snakes. 

But at a meeting of the Society of Vertebrate Paleontology in 
Salt Lake City, Utah, in 2016, some researchers questioned the 
discovery team’s de  scrip tion of the fossil. These critics suggested 
that  Tetrapodophis  is not a snake but rather a marine lizard. The 
specimen could re  kindle the debate over whether snakes origi-
nated on land or in the sea. At that same meeting, however, a 
group of scientists re  ported that the private owner of  Tetrapodo
phis  removed it from the public mu  seum where the fossils were 
housed, violating the convention that all named species, fossil or 
extant, should be available to other researchers and the public 
for further study. The debate over  Tetrapodophis  ground to a 
halt as a result. 

 Tetrapodophis  aside, scientists are currently investigating 
un  solved mysteries of snake evolution. We are eager to deter-
mine, for instance, whether snakes first appeared on the north-
ern continents or in the south and whether the founding mem-
bers of this group were nocturnal or diurnal. We also want to 
know how snakes evolved jaws large enough to swallow prey 
larger than their head and how they acquired venom. 

Answers to these questions will enhance an already riveting tale. 
Popular cultures and religions have offered up all manner of sto-
ries to explain how certain parts of the body can be lost or other-
wise transformed. The biblical account of snakes holds that God 
cursed the serpent to crawl on its belly for leading Adam and Eve 
to eat the apple in the Garden of Eden. In Chinese legend, the 
heavenly Jade Emperor punished the snake for hurting humans 
by ordering its legs to be cut off and given to the frog. But as the 
fossil and genetic evidence from snakes underscores, natural 
selection is not goal-oriented. Evolutionary novelties do not orig-
inate by design. They emerge from never-ending interactions 
between animals and their world. 
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The Stowaway:  A Young Man’s 
Extraordinary Adventure to Antarctica 
by Laurie Gwen Shapiro.  
Simon & Schuster, 2018 ($26) 

Eager to escape  the family 
upholstery business, 17-year-
old Billy Gawronski snuck 
onboard the ship  City of New 
York  in 1928. He was deter-

mined to stow away on a daring expedition—the 
first American journey to Antarctica in the 20th 
century. Journalist Shapiro tells his story along-
side the ship’s commander, Richard Evelyn Byrd, 
and his crew. Discovered after several attempts 
and finally allowed to remain onboard, Gawronski 
takes on the role of messboy, penguin catcher and 
crowd favorite for the New York newspapers. The 
journey achieved many scientific successes: the 
geologic mapping of certain regions of Antarctica, 
photographic documentation of the mysterious 
land and the testing of long-distance radio signals. 
After they reached the icy continent, the explorers 
unloaded a three-engine Ford transport plane, on 
which they would become the first ever to fly over 
the South Pole.  — Yasemin Saplakoglu 

The Many Lives of Carbon 
by Dag Olav Hessen. Reaktion Books,  
2018 ($29) 

One of the most  familiar 
elements of the periodic 
table, carbon now plays 
diverging roles on our planet. 
It is essential to all living 

things on the earth, yet in the form of carbon 
dioxide, it threatens their existence by warming 
our world to dangerous levels. “Carbon, life’s 
element, has become our greatest threat,” 
writes Hessen, a biologist who studies the life 
cycle of carbon. He profiles the many vital con
tributions the element makes to human life  
and gives a fascinating explanation of how its 
structure renders it so useful in diverse materials 
and situations, from fire to photosynthesis. 

Hessen also describes how carbon’s chemistry 
turns it into such a menace to our climate by 
trapping heat via the greenhouse effect, and he 
eloquently highlights the need to use our carbon 
wisely, lest we irreversibly disrupt the delicate 
balance it has enjoyed on our globe for the past 
4.5 billion years.  — Clara Moskowitz 

Heavens on Earth:  
 The Scientific Search for the  
Afterlife, Immortality, and Utopia 
by Michael Shermer. Henry Holt,  
2018 ($30) 

Author Shermer  (who is 
a columnist for  Scientific 
American  and a member 
of its advisory board) uses 
a scientific lens to examine 

how the cultures and religions of the world view 
human mortality and what comes after death.  
He shines scientific skepticism on neardeath 
experiences (most likely hallucinations, in his 
estimation), the afterlife (no evidence found)  
and efforts to extend human lives through 
technological endeavors—such as uploading 
minds into computers (technologically unfeasible). 
He recognizes that finding meaning in a mean ing
less universe can be troublesome, especially 
without the postlife end goal that many religions 
and philosophies promise. As Shermer writes, 

“there are scientific answers to such deep 
questions, if we reflect upon them with reason, 
honesty, and courage.” 

After collaborating  on two books showcas-
ing extinct and endangered birds, legendary 
cartoonist Steadman and filmmaker Levy 
have paired up again to create this eccentric, 
wildly imaginative collection of illustrations of 
other critically endangered animals. Stead-
man’s drawings are nonconformist, splotched 
with color and a delightful overlay of finger
painting-like splashes and precise ink drawings. 
Levy’s descriptions detail each creature’s envi-
ronment and the threats to its survival. The 
depictions of insects—the little mother moth,  
the Greek red damsel, the monarch butterfly— 
are particularly lavish, and an eerie bleakness is 
infused in the portraits of the snow leopard and 
giant panda. Humorous correspondences between 
the two authors accompany the drawings, adding 
some lightheartedness to heavy subject matter. 

Critical Critters 
by Ralph Steadman and Ceri Levy.  
Bloomsbury Natural History,  
2017 ($50) 
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SKEPTIC 
VIEWING THE WORLD  

WITH A RATIONAL EYE

For the Love 
of Science 
Combating science denial  
with science pleasure 
By Michael Shermer 

That conservatives doubt  scientific findings and theories that 
conflict with their political and religious beliefs is evident from 
even a cursory scan of right-leaning media. The denial of evo-
lution and of global warming and the pushback against stem 
cell research are the most egregious examples in recent de-
cades. It is not surprising, because we expect those on the right 
to let their politics trump science—tantamount to a dog-bites-
man story. 

That liberals are just as guilty 
of antiscience bias comports 
more with accounts of humans 
chomping canines, and yet those 
on the left are just as skeptical of 
well-established science when 
findings clash with their political 
ideologies, such as with GMOs, 
nuclear power, genetic engineer-
ing and evolutionary psychology—
skepticism of the last I call “cog-
nitive creationism” for its en -
dorsement of a blank-slate model 
of the mind in which natural se-
lection operated on humans only 
from the neck down. 

In reality, antiscience attitudes are formed in very narrow 
cognitive windows—those in which science appears to oppose 
certain political or religious views. Most people embrace most of 
science most of the time. 

Who is skeptical of science, then, and when? 
That question was the title of an October 2017 talk I attended 

by Asheley R. Landrum, a psychologist at Texas Tech University, 
who studies factors influencing the public understanding and 
perception of science, health and emerging technologies. She 
began by citing surveys that found more than 90 percent of both 
Republicans and Democrats agreed that “science and technolo-
gy give more opportunities” and that “science makes our lives 
better.” She also reviewed modest evidence in support of the 
“knowledge deficit hypothesis,” which posits that public skepti-
cism of science is the result of inadequate scientific knowledge. 
Those who know more about climate science, for example, are 
slightly more likely to accept that global warming is real and 
caused by humans than those who know less on the subject. 

But that modest effect not only is erased when political ide-
ology is factored in, it has an opposite effect on one end of the 

political spectrum. For Republicans, the more knowledge they 
have about climate science the  less likely  they are to accept the 
theory of anthropogenic global warming (whereas Democrats’ 
confidence goes up). “People with more knowledge only accept 
science when it doesn’t conflict with their preexisting beliefs and 
values,” Landrum explained. “Otherwise, they use that knowl-
edge to more strongly justify their own positions.” 

Landrum and her colleagues demonstrated the effect experi-
mentally and reported the results in a 2017 paper in the  Journal of 
Risk Research  entitled “Culturally Antagonistic Memes and the Zika 
Virus: An Experimental Test,” in which participants read a news 
story on Zika public health risks that was linked to either climate 
change or immigration. Predictably, when Zika was connected to 
climate change, there was an increase in concern among Democrats 
and a decrease in concern among Republicans, but when Zika was 
as  sociated with immigration, the effects were reversed. Skepticism, 
it would seem, is context-dependent. “We are good at be  ing skep-

tical when in  formation conflicts 
with our preexisting beliefs and 
values,” Landrum noted. “We are 
bad at being skeptical when in-
formation is compatible with our 
preexisting beliefs and values.” 

In another 2017 study pub-
lished in  Advances in Political 
Psychology,  “Science Curiosity 
and Political Information Pro-
cessing,” Landrum and her col-
leagues found that liberal Demo-
crats were far less likely than 
strong Republicans to voluntarily 
read a “surprising climate-skepti-
cal story,” whereas a “surprising 
climate-concerned story” was far 

more likely to be read by those on the left than on the right. One 
encouraging mitigating factor was “science curiosity,” or the “mo-
tivation to seek out and consume scientific information for per-
sonal pleasure,” which “seems to counteract rather than aggravate 
the signature characteristics of politically motivated reasoning.” 

The authors concluded that “individuals who have an appe-
tite to be  surprised  by scientific information—who find it plea-
surable to discover that the world does not work as they expect-
ed—do not turn this feature of their personality  off  when they 
engage political information but rather indulge it in that setting 
as well, exposing themselves more readily to information that 
defies their expectations about facts on contested issues. The re-
sult is that these citizens, unlike their less curious counterparts, 
react more open-mindedly and respond more uniformly across 
the political spectrum to the best available evidence.” 

In other words, valuing science for pure pleasure is more of a 
bulwark against the politicization of science than facts alone. 

JOIN THE CONVERSATION ONLINE 
Visit Scientific American on Facebook and Twitter  
or send a letter to the editor: editors@sciam.com

Michael Shermer  is publisher of  Skeptic  magazine  
(www.skeptic.com) and a Presidential Fellow at Chapman 
University. His new book is  Heavens on Earth  (Henry Holt, 2018). 
Follow him on Twitter @michaelshermer
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ANTI GRAVITY
THE ONGOING SEARCH FOR  
FUNDAMENTAL FARCES

Steve Mirsky  has been writing the Anti Gravity column since 
a typical tectonic plate was about 36 inches from its current location. 
He also hosts the  Scientific American  podcast Science Talk.

Is Anybody 
Anywhere? 
SETI is still scanning the skies  
for other galactic citizens 
By Steve Mirsky 

Fourteen years ago  in Bremen, Germany, astronomer Seth 
Shos tak gave a lecture that included a wager. “I bet everybody 
in the audience a cup of Starbucks that we would find E.T. with-
in two dozen years,” he told a new audience in October. You don’t 
have to be a Klaatu-level math whiz to calculate that Shostak has 
10 years left before he’d have to shell out for a lot of tall drips. 
I’m talking about the coffee. 

Shostak is senior astronomer at the Center for SETI Research 
based in Mountain View, Calif. SETI stands for “Search for Extra-
terrestrial Intelligence,” of course, as the millions who have 
loaned out their home computer time for the SETI@home proj-
ect know. He mentioned the wager at a session on the current 
state of the search for any signs of alien intelligence at the World 
Conference of Science Journalists in the San Francisco Bay Area. 
The SETI conversation in question took place on the University of 
California, Berkeley, campus. No protesters or extraterrestrials 
attended. Probably. 

“To have some reasonable chance of success,” Shos tak said, 
“you’d have to look at at least a million star systems.” Which may 

be possible within the coffee challenge’s time parameter, 
thanks to $100 million from Russian physicist and entrepre-
neur Yuri Milner in 2015 to establish what is called Break-
through Listen—an effort to use multiple radio and optical 
telescopes to survey the million stars closest to us. (It recent-
ly came out that in 2015 Milner had invested in a start-up 
co-owned by Donald Trump’s son-in-law, Jared Kushner, 
who is a senior White House adviser. Perhaps Milner’s SETI 
funding represented his realization that looking for intelli-
gent life in outer space was a better bet.) 

Shostak thinks his Bremen audience comes out ahead 
either way. “Because either [by 2027] a signal has been found 
and you have something to talk about at lunch—or you get a 
cup of coffee. You can’t lose.” 

But what about sending out messages inviting contact 
with intelligent aliens rather than just listening for incoming 
missives from faraway smarty-pants or whatever clothing 
may be appropriate for their anatomy? “I think the risks out-
weigh the benefits,” said Dan Werthimer, chief scientist at 
the Berkeley SETI Research Center, which oversees Break-
through Listen. “When advanced civilizations come in con-
tact with less advanced civilizations, it hasn’t been good on 
Earth. So I think there’s a lot of risk.” 

But Shos tak thinks we already might have attracted 
somebody’s attention: “The kind of equipment that we have 

today is within four orders of magnitude of being able to detect 
radars on nearby worlds, within a few tens of light-years. Now this 
speed of increase in the collecting area of radio telescopes on Earth 
is roughly two orders of magnitude per century. . . .  That means 
that any society that’s at least 200 years more advanced than we 
are has equipment that can pick up SFO, alright? That’s the local 
airport for those of you from out of town. So . . .  if you really think 
there’s a potential of killing seven billion people because the 
aliens get ticked off by hearing  I Love Lucy  and send their inter-
stellar battlewagons here to wipe us out . . . , you better turn off all 
the radars. Not for the weekend, not for this year, you better turn 
them off forever. And to me, that doesn’t sound like a good idea.” 

Shostak also brought up a less frightening but perhaps more 
existentially dreadful possibility about some future first contact: 
what if we finally hear from aliens broadcasting their presence as 
sentient beings, and the big announcement is their understand-
ing of well-known mathematical phenomena such as the Fibonac-
ci sequence. “That would be a real bummer, wouldn’t it?” he asked. 
“I mean, we finally hear from E.T., and he tells us something you 
learned in 10th grade.” 

Actually I’d be okay with it—and with them watching Lucy 
gobble chocolates off the conveyor belt. What I worry about is 
them catching the iconic  Twilight Zone  episode where the aliens 
show up with a manuscript entitled “To Serve Man,” and it ends up 
being a cookbook. Why give advanced carnivores any  cravings? 

JOIN THE CONVERSATION ONLINE 
Visit Scientific American on Facebook and Twitter  
or send a letter to the editor: editors@sciam.com
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ble glass is ever made, the frame 
may be dispensed with, but nobody 
has discovered malleable glass, to 
date! In the future the car with the 
steering wheel will be as obsolete as 
the car with the hand pump for gas 
or oil is today! Driving will be done 
from a small control board, which 
can be held in the lap. It will be con-
nected to the mechanism by a flexi-
ble electric cable. A small  finger 
 lever, not a wheel, will guide the car.”

Whale Steak 
“I have joined with the crowd in 
another attempt to shoot a torpedo 
into the ribs of the high cost of liv-
ing. Let me tell you that from an 
epicurean standpoint, whale meat 
isn’t so awful bad. It is better than 
crow, not so tough as alligator, nor 
so rank as buzzard. Buzzard? ‘Yes, 
stew it with red pepper and lots of 
garlic and you can never tell.’ This 
is particularly true if the pepper is 
of the Mexican variety—real hot. 
The University of California and 
several other institutions of wise 
heads are attesting to the value  
of whale beef for food, but its own 
cheapness, 12 cents a pound, is the 
best drawing card.” 

1868 Killing  
the Vector

“Dispatches from Commander 
Chandler of the United States 
steamer  Don,  dated Vera Cruz, Dec. 
16, state that the yellow fever broke 
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1968 The Weakness 
of Polls

“A strong caution against attaching 
too much weight to polls of public 
opinion, particularly concerning 
political issues, has been expressed 
by Leo Bogart, president of the 
American Association for Public 
Opinion Research. ‘“Don’t know”  
in response to a survey question,’ he 
writes, ‘often means “Don’t want to 
know,” which is another way of say-
ing, “I don’t want to get involved.”’ 
In many such cases the attitude re-
flects the respondent’s feeling that 
the issue is no responsibility of his. 
Bogart sees a valuable role for sur-
veys in ascertaining the extent of 
public ignorance on matters of fact. 
‘Often what we should be doing . . . 
is measuring the degrees of apathy, 
indecision or conflict on the part of 
the great majority, with the opin-
ionated as the residual left over.’”

1918 Gods of Egypt 
“The question of the 

character and origin of the local 
gods of Egypt is still obscure; but 
a paper by Prof. Flinders Petrie does 
much to clear it up. By marking  
the headquarters of each deity, he 
arrives at important results. Ra 
appears in only one southern city, 
and his cult seems to have come 
from the north-east. The distribu-
tion of Mut, the mother-goddess,  
is decidedly eastern, while that of 
Amen is western. Set was certainly 
brought into Egypt by the desert 
road, as he had there two centers  
of the first class, and he was intro-
duced by the Red Sea way to the 
Eastern Delta. The distribution of 
the Osiride triad indicates a settle-
ment so early in the land that the 
worship was generally diffused.”

Auto Dreams
“It’s more or less true—no one really 
knows anything about the future. 
So here goes, for a try. The automo-
bile of the future will be weather-
tight. Probably it will be all glass—
sides, front, rear and roof. If mallea-

out on board of his vessel on the 
25th of November. It proved to be 
of a most malignant type. Com-
mander Chandler caused the hatch-
es of the berth-deck and ward-
room to be securely closed. One 
joint of the steam-heater on the 
berth-deck was disconnected, and 
the same operation performed in 
the ward-room. After two hours’ 
steaming in the ward-room, a ther-
mometer indicated 205 degrees, 
and on the berth-deck 170 degrees. 
No cases of fever occurred after-
ward. Commander Chandler is fully 
persuaded that heat eradicated the 
disease as effectually as a severe 
frost could have done.”
Yellow fever was not definitively  
shown to be transmitted by mosquitoes 
for another three decades. 

Rubber Tire Invented
“Mr. R. W. Thomson, of Edinburgh, 
has invented a new locomotive for 
common roads, which was lately 
tried in the neighborhood of Edin-
burgh. The tires are made of bands 
of vulcanized india-rubber, about 
twelve inches wide and five inches 
thick. Incredible as it may appear, 
this soft and elastic substance not 
only carries the great weight of the 
road steamer without injury, but it 
passes over newly broken road met-
al, broken flints, and all kinds of 
sharp things without leaving even  
a mark on the india-rubber. The 
engine is destined for Java.” 

What cars ought to look like, steered by a finger lever, as imagined in 1918. 
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GRAPHIC SCIENCE 
Text by Mark Fischetti | Graphic by Jen Christiansen 
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Killer Seas 
Mass extinction could begin by 2100 

The amount of carbon  in our planet’s oceans has varied slowly 
over the ages. But 31 times in the past 542 million years the car-
bon level has deviated either much more than normal or much 
faster than usual ( dots in main graph ). Each of the five great 
mass extinctions occurred during the same time as the most 
extreme carbon events ( pink dots ). In each case, more than 
75 percent of marine animal species vanished. Earth may enter 
a similar danger zone soon. In 1850 the modern oceans con-

tained about 38,000 gigatons of carbon, and a new study by 
geophysics professor Daniel H. Rothman of the Massachusetts 
Institute of Technology indicates that if 310 gigatons or more 
are added, the deviation will again become acute. Hu  mans 
have already contributed about 155 gigatons since then, and 
the world is on course to reach 400 gigatons by 2100 ( small 
graph ). Does that raise the chance for a mass extinction? “Yes, 
by a lot,” Rothman says. 

Five Mass Extinctions 
Oceans hold about 50 times more carbon than 
the atmosphere. The concentration has gone up 
or down significantly 31 times ( dots ) but typically 
no faster than a critical rate ( pink line; yellow  
is margin of error ). Four of history’s five mass 
extinctions occurred when the amount of carbon 
changed much faster than this rate ( pink dots 
above line ). The fifth was when the variation 
occurred very slowly ( pink dot below line ). 

Sixth Extinction by 2100? 
The world has added 155 gigatons of carbon to the 
oceans since 1850—so fast that catastrophic change 
could result from surpassing a critical mass. If addi
tions reach 310 gigatons, the world could cross  
that threshold into a danger zone for a sixth mass 
extinction. Only one scenario—reducing global 
emissions starting in 2020 —barely avoids the 
threshold. Other scenarios—hitting peak emissions, 
then reducing that beginning in 2040 or 2080 or 
beyond 2100—risk making mass extinction likely. 

Threshold of Volatility  
Events below the dashed line reflect 
modest changes in the global carbon 
cycle. Events above the line reflect 
unusual additions of carbon and suggest 
unstable, runaway change. 

New Species Missing 
This large, slow aberration in ocean 
carbon seems to have been accom
panied by a strange anomaly: more than 
a million years during which few new 
species arose. Other species died out 
during that time, lowering the overall 
number significantly. 
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